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Abstract: In the past year, a new non-supersymmetric framework for electroweak symmetry breaking
(with or without Higgs) involving SU(2)L×SU(2)R×U(1)B−L in higher dimensional warped geometry
has been suggested. In this work, we embed this gauge structure into a GUT such as SO(10) or
Pati–Salam. We showed recently (in hep-ph/0403143) that in a warped GUT, a stable Kaluza–Klein
fermion can arise as a consequence of imposing proton stability. Here, we specify a complete realistic
model where this particle is a weakly interacting right–handed neutrino, and present a detailed study
of this new dark matter candidate, providing relic density and detection predictions. We discuss
phenomenological aspects associated with the existence of other light (. TeV) KK fermions (related
to the neutrino), whose lightness is a direct consequence of the top quark’s heaviness. The AdS/CFT
interpretation of this construction is also presented. Most of our qualitative results do not depend on
the nature of the breaking of the electroweak symmetry provided that it happens near the TeV brane.
Keywords: Theories beyond the SM, Physics of the Early Universe.
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1. Introduction
Five years ago, Randall and Sundrum (RS) [1] proposed a solution to the gauge hierarchy problem
which does not rely on supersymmetry but instead makes use of extra dimensions. Their background
geometry is a slice of five-dimensional Anti-de-Sitter space with curvature scale k of order the Planck
scale. Due to the AdS warping, an exponential hierarchy between the mass scales at the two ends
of the extra dimension is generated. The Higgs is localized at the end point (denoted the TeV or
IR brane) where the cut-off is low, thus its mass is protected, whereas the high scale of gravity is
generated at the other end (Planck or UV brane). In their original set-up, all standard model (SM)
fields are localized on the TeV brane. In this case, the effective UV cut-off for gauge and fermion
fields, in addition to the Higgs, is a few TeV. This leads to dangerous unsuppressed processes such
as flavour changing neutral currents (FCNCs) and proton decay. Of course, one can always tune the
coefficients of higher-dimensional operators to be small so that phenomenological issues such as flavor
structure, gauge coupling unification, proton stability, and compatibility with electroweak precision
tests become sensitive to the UV completion (at a scale of a few TeV) of the original RS effective field
theory.
An alternative and more attractive solution is that only the Higgs is localized on the TeV brane
(that is all that is needed to solve the hierarchy problem) and SM gauge fields and fermions live in
the bulk of AdS5 [2, 3, 4, 5]. An interesting aspect of promoting fermion fields to be bulk fields is that
it provides a simple mechanism for generating the Yukawa structure without fundamental hierarchies
in the 5-dimensional RS action [4, 5, 6]. Furthermore, the same mechanism automatically protects
the theory from excessive FCNC’s [5, 6]. There is also a strong motivation for having gauge fields in
the bulk of AdS. It has been shown that in this case, gauge couplings still “evolve” logarithmically
[7, 8, 9, 10]. This leads to the intriguing possibility of constructing models which preserve unification
at the usual (high) scale ∼ 1016 GeV and at the same time possess Kaluza–Klein (KK) excitations at
the TeV scale [7, 11, 12]. Indeed, while the proper distance, rc, between the two branes is of order
1/MP lanck, the masses of the low-lying KK excitations of bulk fields are of order TeV.
Despite these virtues, it has been realized that for the theory to pass the electroweak precision tests
without having to push the IR scale too high (larger than ∼ 10 TeV [2, 13]), an additional ingredient
was needed: a custodial isospin symmetry, like there is in the SM. As pointed out in [14] and as it can
be understood from the AdS/CFT correspondence, for the dual CFT/4D Higgs sector to enjoy a global
custodial symmetry, there should be a gauge custodial isospin symmetry in the RS bulk. This means
that the gauge group of the electroweak sector should be enlarged to SU(2)L × SU(2)R × U(1)B−L.
Thanks to this new symmetry, the IR scale, given by ke−kpirc , and which also corresponds to the first
KK mass scale, can be lowered to 3 TeV and still be consistent with electroweak precision constraints1.
1Brane kinetic terms for gauge and fermion fields [15] could also help in lowering the IR scale.
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This is a major step in diminishing the little hierarchy problem in RS. This gauge symmetry has also
been used in Higgsless models in warped geometry [16].
A major generic problem in RS models, as well as in many extensions of the SM, has to do with
baryon number violation. A source of baryon-number violation in any RS model is higher-dimensional
operators suppressed by a low cut-off near the TeV brane. One solution to forbid these dangerous
operators is to impose (gauged) baryon-number symmetry [11, 12].
However, when contemplating the possibility of a grand unified theory (GUT), there is additional
proton decay via X,Y exchange between quarks and leptons from the same multiplet. So, the question
arises: how can baryon-number symmetry be consistent with a GUT? The answer is to break the 5D
GUT by boundary conditions (BC) [17, 18, 19] in such a way that SM quarks and leptons come from
different multiplets [18, 19]2. Concretely, the 5D multiplet with quark zero-mode contains lepton-like
states, but with only KK modes: this whole multiplet can be assigned baryon-number 1/3. The 5D
GUT partners which do not have zero modes couple to SM quarks via the exchange of TeV mass
X,Y KK modes without causing phenomenological problems. Similarly, the multiplet with lepton
zero-mode has KK quark-like states carrying zero baryon-number.
We see that the KK GUT partners of SM fermions are exotic since they carry baryon-number,
but no color or vice versa. To be precise, these KK fermions (and also X, Y gauge bosons) are
charged under a Z3 symmetry which is a combination of color and baryon-number. SM particles are
not charged under this Z3. This implies that the lightest Z3-charged particle (LZP) is stable hence a
possible dark matter (DM) candidate if it is neutral [20]. To repeat, this is a consequence of requiring
baryon number symmetry. This is reminiscent of SUSY, where imposing R-parity (which distinguishes
between SM particles and their SUSY partners, just like the Z3 symmetry above distinguishes SM
particles from their 5D GUT partners) to suppress proton decay results in the lightest supersymmetric
particle (LSP) being stable.
Of course, to be a good DM candidate, the LZP has to have the proper mass and interactions. In
SUSY, if the LSP is a neutralino with a weak scale mass, then it has weak scale interactions and it
is a suitable WIMP. As we will show in detail, the LZP is a GUT partner of the top quark and, as a
consequence of the heaviness of the top quark, its mass can be O(100) GeV, meaning that it can be
naturally much lighter than the other KK modes (which have a mass of a few TeV).
The interactions of the LZP depend on its gauge quantum numbers. As mentioned above, a
custodial isospin gauge symmetry is crucial in ameliorating the little hierarchy problem in RS by
allowing KK scale of a few TeV. We will consequently concentrate on GUTs which contain this gauge
symmetry. This leads us to discard warped SU(5) models, the only ones which had been studied in
detail so far and we will instead focus on non supersymmetric SO(10) and Pati–Salam gauge theories
in warped space. In Pati-Salam or SO(10) GUT, the LZP can have gauge quantum numbers of a RH
neutrino. In this case, the LZP has no SM gauge interactions. It interacts by the exchange of heavy
(a few TeV), but strongly coupled non-SM gauge KK modes (with no zero-mode). This, combined
with its weak-scale mass, implies that annihilation and detection cross-sections are of weak-scale size,
making it a good DM candidate [20].
An alternative solution for suppressing proton decay is to impose a gauged lepton number symme-
try. In this case, we do not obtain a stable particle (unlike the case with baryon-number symmetry).
This is similar to SUSY, where imposing lepton number only (instead of R-parity) suffices to suppress
proton decay, but then the LSP is unstable. In this paper, we focus on imposing baryon-number
symmetry to solve the proton decay problem since it gives a DM candidate, but we will discuss the
2Thus, there is no 4D GUT to cause inconsistency between the GUT and the baryon symmetry.
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alternative solution at the end of section 8.4. In any case, there is no fundamental “stringy” reason
or naturalness argument to choose one possibility over the other.
In this article, we develop on the toy model presented in [20]. We start by reviewing what the
baryon number violation problem is in RS. We then introduce the implementation of the baryon
number symmetry in warped GUT and show how this leads to a stable KK particle. Next we explain
why this particle can be much lighter than 3 TeV. From section 5 to 8 we discuss model building
associated with Pati–Salam and SO(10) gauge groups in higher dimensional warped geometry. Sections
9 and 10 detail the interactions of the KK right-handed neutrino, section 11 the values of GUT gauge
couplings. We present predictions for the dark matter relic density in section 12, for direct detection
in section 13, and indirect detection in section 14. Collider phenomenology of other light KK partners
of the top quark is treated in section 15. Section 16 discusses issues related to baryogenesis before
we finally present our conclusions. This construction has a nice AdS/CFT interpretation which is
reviewed separately in an appendix. Other technical details can be found in the appendices as well.
2. Baryon number violation in Randall–Sundrum geometries
Let us start by reviewing what the baryon number violation problem is in higher dimensional warped
geometry. We work in the context of RS1 [1] where the extra dimension is an orbifolded circle of
radius rc with the Planck brane at θ = 0 and the TeV brane at θ = π. The geometry is a compact
slice of AdS5, with curvature scale k of order MP l, the 4D Planck scale, with metric [1]:
ds2 = e−2krc|θ|ηµνdxµdxν + r2cdθ
2 =
1
(kz)2
[
ηµνdx
µdxν + (dz)2
]
, (2.1)
where in the last step it has been written in terms of the coordinate z ≡ ekrc|θ|/k and(
zh ≡ 1
k
)
≤ z ≤
(
zv ≡ e
kpirc
k
)
. (2.2)
The Planck brane is located at zh and the TeV brane at zv. We take zv ∼ TeV−1, i.e. kπrc ∼
log (MP l/TeV) ∼ 30 to solve the hierarchy problem. As already said in the introduction, all SM
gauge fields and fermions are taken to be bulk fields. Only the Higgs (or alternative dynamics for EW
symmetry breaking) needs to be localized on or near the TeV brane to solve the hierarchy problem.
2.1 Bulk fermion: c parameter and Yukawa couplings
The general 5-dimensional bulk lagrangian for a given fermion Ψ is:
Lfermion = √g
(
iΨ¯ΓMDMΨ− ǫ(θ)k cΨΨ¯Ψ + ǫ(θ) a
′
√
Λ
ΣΨ¯Ψ
)
(2.3)
where ǫ(θ) is the sign function and appears if we compactify on a Z2 orbifold rather than just an
interval. Even though it will seem that we are adding a mass term, cΨ is compatible with a massless
zero mode of the 4D effective theory [4, 5]. Zero modes are identified with the SM fermions. The c
parameters control the localization of the zero modes and offer a simple and attractive mechanism for
obtaining hierarchical 4D Yukawa couplings without hierarchies in 5D Yukawa couplings [4, 5]. 4D
Yukawa couplings depend very sensitively (exponentially for c > 1/2) on the value of c. In short (see
wavefunction in Eq. A.1), light fermions have c > 1/2 (typically between 0.6 and 0.8) and are localized
near the Planck brane. Their 4D Yukawa couplings are suppressed because of the small overlap of
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their wave functions with the Higgs on the TeV brane. Left-handed top and bottom quarks are close
to c = 1/2 (but < 1/2) – as shown in reference [14], ctL,bL ∼ 0.3 − 0.4 is necessary to be consistent
with Z → b¯LbL for KK masses ∼ 3− 4 TeV, whereas for KK mass ∼ 6 TeV, ctL,bL can be as small as
0. Thus, in order to obtain O(1) top Yukawa, the right-handed top quark must be localized near the
TeV brane:
ctR . 0 (2.4)
As we will see later, this fact is very crucial for our DM scenario to work. The right-handed bottom
quark is localized near the Planck brane (c > 1/2) to obtain the mt/mb hierarchy. With this set-
up, FCNC’s from exchange of both gauge KK modes and “string states” (parametrized by higher-
dimensional flavor-violating local operators in our effective field theory) are also suppressed. See
references [5, 6, 21] for details. The last term in (2.3) will generate an additional bulk mass term if
the bulk scalar field Σ gets a vev. This effect will be discussed later in section 7.
2.2 Effective four-fermion operators
The dangerous baryon number violating interactions come from effective 4-fermion operators, which,
after dimensional reduction lead to [5]:
∫
dy d4x
√−g ΨiΨjΨkΨl
M35
∼
∫
d4x epikrc(4−ci−cj−ck−cl)
ψ
(0)
i ψ
(0)
j ψ
(0)
k ψ
(0)
l
m2P l
(2.5)
where i, j, k, l are flavor indices and the ψ(0) are the 4D zero mode fermions identified with the SM
fermions. To obtain a Planck or GUT scale suppression of this operator (as required by the limit on
proton lifetime), the c’s have to be larger than 1, meaning that zero mode fermions should be very
close to the UV brane. Unfortunately, this is incompatible with the Yukawa structure, which requires
that all c’s be smaller than 1 according to the previous subsection.
2.3 Additional violations due to KK GUT gauge boson exchange
When working in a GUT, there is an additional potential problem coming from the exchange of grand
unified gauge bosons, such as X/Y gauge bosons. In a warped GUT, these gauge bosons have TeV
and not GUT scale mass and mediate fast proton decay. It turns out that all TeV KK modes and
therefore X/Y TeV KK gauge bosons are localized near the TeV brane. Their interactions with zero
mode fermions will be suppressed only if fermions are localized very close to the Planck brane, again
requiring that c’s be larger than 1. This problem arises in any GUT theory where the X/Y gauge
bosons propagate in extra dimensions with size larger than M−1GUT ∼ 1/
(
1016GeV
)
. A simple solution
to this problem suggested by [18, 19] is to break the higher-dimensional GUT by boundary conditions
(BC) (or on branes) so that there is no 4D GUT and SM quarks and leptons can come from different
GUT multiplets. Concretely, this means that BC are not the same for all components of a given (gauge
or fermion) GUT multiplet so that only part of the fields in a multiplet acquire zero modes, which are
identified with SM particles. While this circumvents the problem of baryon number violation due to
KK X/Y exchange (since X, Y gauge bosons do not couple to two SM fermion zero-modes), one still
has to cure the baryon number violation due to the effective operator (2.5). This is done by imposing
an additional symmetry. In the SU(5) models of [11, 12], an additional U˜(1) symmetry is imposed and
usual baryon number corresponds to a linear combination of hypercharge and this additional U˜(1).
Our approach in the following is slightly different. The additional U(1) we impose really corresponds
to baryon number.
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3. Imposing baryon number symmetry U(1)B
3.1 Replication of fundamental representations and boundary breaking of the GUT
It is clear that for baryon number symmetry to commute with the grand unified gauge group, we need
to replicate the number of fundamental representations so that we can obtain quarks and leptons from
different multiplets. In any case, we saw previously that SM quarks and leptons have to come from
different fundamental representations and that at least a doubling of representations was needed to
avoid the existence of a vertex involving a SM quark, a SM lepton and a TeV X/Y type of gauge boson
leading to fast proton decay. So, we choose to break GUT by BC. Thus, BC breaking of 5D GUT
not only gets rid of proton decay by X, Y exchange, but also allows us to implement baryon number
symmetry by assigning each multiplet a baryonic charge of the SM fermion contained in it. We need at
least three fundamental representations to be able to reproduce the SM baryonic charges -1/3, +1/3
and 0. One may dislike the fact that in these models, SM quarks and leptons are no more unified.
However, there are still motivations for considering a unified gauge symmetry. First, this provides
an explanation for quantization of charges [11, 12]. Second, it allows unification of gauge couplings
at high scale [11, 12]. In addition, one may see this splitting as a virtue since SU(5) quark-lepton
mass relations which are inconsistent with data are no more present. Let us discuss GUT breaking by
boundary conditions more explicitly.
The unified gauge symmetry is broken by boundary conditions reflecting the dynamics taking place
on the Planck and TeV branes. As a simplification, this is commonly modelled by either Neumann
(+) or Dirichlet (−) BC3 in orbifold compactifications. 5D fermions lead to two chiral fermions in 4D,
one of which only gets a zero mode to reproduce the chiral SM fermion. SM fermions are associated
with (++) BC (first sign is for Planck brane, second for TeV brane). The other chirality is (−−) and
does not have zero mode. In the language of orbifold boundary conditions, this involves replacing the
usual Z2 orbifold projection by a Z2×Z ′2 orbifold projection, where Z2 corresponds to reflection about
the Planck brane and Z ′2 corresponds to reflection about the TeV brane. The breaking of the unified
gauge group to the SM is achieved by assigning on the Planck brane Neumann boundary conditions for
µ-components of SM gauge bosons and Dirichlet boundary conditions for GUT gauge bosons which are
not SM gauge bosons. On the TeV brane, all gauge bosons have Neumann boundary conditions. Non
standard gauge bosons therefore have (−+) boundary conditions. Similarly, fermionic GUT partners
of subsection 2.3 which do not have zero modes have (−+) boundary conditions.
3.2 Z3 symmetry
As soon as baryon number is promoted to be a conserved quantum number, the following transforma-
tion becomes a symmetry:
Φ→ e2pii(B−nc−n¯c3 )Φ (3.1)
where B is baryon-number of a given field Φ (proton has baryon-number +1) and nc (n¯c) is its number
of colors (anti-colors).
SM particles are clearly not charged under Z3. However, exotic states such as colored grand
unified gauge bosons and most KK fermions with no zero modes ((−+) BC) are charged under Z3
since they have the “wrong” combination of color and baryon number. For instance, since all fermions
within a given GUT multiplet are assigned the same B, that of the zero-mode within that multiplet,
the multiplet with the SM quark contains lepton-like KK states with B = 1/3 (denoted by “prime”,
3for a comprehensive description of boundary conditions of fermions on an interval, see [22].
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for example, L′ is the GUT partner of SM dR etc). Similarly, there are quark-like states carrying
B = 0 in the multiplet with the SM lepton, like d′R, the GUT partner of SM L. Also, colored X, Y
have B = 0. As a consequence of the Z3 symmetry, the lightest Z3 charged particle (LZP) cannot
decay into SM particles and is stable.
3.3 Breaking gauged baryon number symmetry
We need to gauge U(1)B in the bulk since quantum gravity effects do not respect global symmetries.
Note that 4D black holes (BH) violate B at the Planck scale. However, in RS, we expect the presence
of 5D BH of TeV mass localized near the TeV brane [23], leading to TeV scale violation of B. Basically,
the effects of 5D BH can be parameterized by higher-dimensional operators suppressed by the local
5D gravity scale. We require the gauging of B to protect against such effects. Since 5D fermions
are vector-like, the 5D U(1)B gauge theory is not anomalous. However, once the orbifold projection
is implemented, we have to worry about anomalies from SM (zero-mode) fermions. Spectators are
added on the Planck brane to cancel these anomalies. They are vector-like under the SM (no pure
SM anomalies) and chiral under U(1)B to cancel pure U(1)B and SM ×U(1)B anomalies (see [12] for
a similar procedure in the case of warped SU(5))4.
This gauge symmetry has to be broken otherwise it would lead to the existence of a new massless
gauge boson. We break B spontaneously on the Planck brane so that the U(1)B gauge boson and the
spectators get heavy. As a result, any baryon number violating operators will have to be localized on
the Planck brane. Naively, we are safe since we get Planck-scale suppression for the operators giving
proton decay, for example, Q3LLL. However, there is a subtlety, namely, a restriction on how B is
broken as follows.
If B is broken by a scalar field with arbitrary baryonic charge, then the mass term L¯Lˆ′ is allowed
on the Planck brane, where Lˆ′ refers to the 5D Dirac partner of L′ from the multiplet with dR zero-
mode. Even though the lowest L′ KK modes are localized near the TeV brane and the zero-mode of L
is localized near the Planck brane, this mixing between the zero-mode of L and KK mode of L′ results
in a sizable coupling (roughly proportional to the Yukawa) of X,Y to the SM lepton (which has now
an admixture of L′) and dR. Similarly, the mass term Q¯Qˆ′, where Q′ is from the multiplet with uR
zero-mode, is allowed. This leads to a coupling of X,Y to SM Q and uR. Then, X,Y exchange leads
to fast proton decay.
In order to forbid such proton decay, we require that B is not broken by 1/3 or 2/3 unit. It turns
out that ∆B 6= 1/3, 2/3 is enough to guarantee the stability of the LZP. To see this, suppose that
the LZP is a color singlet with B = 1/3 (it will be the case in our model but this argument can be
generalized). Since a color singlet SM final state can only have integer B, ∆B 6= 1/3, 2/3 implies that
the LZP cannot decay into SM states. Of course, some symmetry has to enforce ∆B 6= 1/3, 2/3. For
example, we can simply impose the Z3 symmetry which clearly implies that ∆B 6= 1/3, 2/3 and that
the LZP is stable. Z3 is imposed for proton stability and the existence of a stable particle is a spin-off
(just like in the MSSM).
Note that if ∆B = 1, then, while the LZP is absolutely stable, proton decay is still allowed via,
for example, the QLQLQLLL operator. However, as mentioned above, these operators are allowed
only on the Planck brane hence are suppressed by the Planck scale. The point is that 5D BH near
the TeV brane (which were the cause of the problem) cannot violate B. Indeed, from the 5D point of
view, B is an unbroken gauge symmetry near the TeV brane: there are KK modes of B gauge boson,
4Reference [24] also makes use of a gauged U(1) symmetry to supress baryon-number violation in a supersymmetric
model with a flat extra dimension and a low fundamental scale.
– 8 –
even though there is no zero-mode. The only location where B is not a gauge symmetry and where
BH can violate B is the Planck brane. The scale suppressing these operators is the 5D gravity scale
at the Planck brane which is ∼ 1018 GeV. Below the lightest KK mass, the 4D effective theory has an
accidental B conservation like in the SM (whereas Z3 is an exact symmetry). B can be understood
as a global symmetry at low energy and we expect that anomalous sphaleron processes are present so
that baryogenesis can be achieved despite the existence of an underlying 5D gauged B symmetry.
4. Who is the lightest Z3 charged particle?
We have gained confidence that consistent (as far as baryon number violation is concerned) non super-
symmetric5 warped GUT theories can exhibit a stable KK particle. We are interested in identifying
this state since it has crucial consequences for cosmology and collider phenomenology. The literature
so far has dealt with a single KK scale & 3 TeV, making it difficult to observe KK states in RS at
high-energy colliders. This is because most of the work on the phenomenology of Randall-Sundrum
geometries have focused on a certain type of boundary conditions for fermionic fields. In this work,
we emphasize the interesting consequences of boundary conditions which do not lead to zero modes
but on the other hand may lead to very light observable Kaluza-Klein states.
Recall that Z3-charged particles are X,Y type gauge bosons (with (−+) BC) and most (−+)
fermions. We now compare their spectrum.
4.1 (−+) KK fermions can be very light
When computing the KK spectrum of fermions one finds that for c < 1/2 the lightest KK fermion
with (−+) BC is lighter than the lightest KK gauge boson:
mzv ≈
{
pi
2 (1 + c) for c & −1/2
2
√
α(α + 1) (zh/zv)
α ≪ 1 for c . −1/2. (4.1)
where α = |c + 1/2| and zv = ekpirc/k. See section A.2 for details. Here, c refers to that of the
(++) zero-mode with identical Lorentz helicity from the same multiplet (see below for a more precise
convention for c). For comparison, the mass of the lightest KK gauge boson (which we denote as KK
scale of the model, MKK) is given by
MKK ≈ z−1v 3π/4 (4.2)
for both (++) and (−+) BC. Note the particular case c < −1/2, for which the mass of this KK fermion
is exponentially smaller than that of the gauge KK mode. We plot in Fig. 1 the mass of the lightest
(−+) KK fermion as a function of c and for different values of MKK . There is an intuitive argument
for the lightness of the KK fermion (see also section F.2 for its CFT interpretation): for c≪ 1/2, the
zero-mode of the fermion with (++) boundary condition is localized near the TeV brane. Changing
the boundary condition to (−+) makes this “would-be” zero-mode massive, but since it is localized
near the TeV brane, the effect of changing the boundary condition on the Planck brane is suppressed,
resulting in a small mass for the would-be zero-mode.
Let us take a detour on the chiralities of a KK fermion. We realize SM fermions (zero-modes) as
left-handed (LH) under the Lorentz group: for example, the 16 of SO(10) contains the conjugate of
5If the model is supersymmetric, the Higgs can be localized on the Planck brane as well as the fermions so that the
Planck scale suppression of baryon number violation can be achieved and it may not be necessary to impose baryon
number symmetry. However, in these models, one loses the geometrical explanation for the Yukawa structure. See
subsection 8.2 for more comments.
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uR etc. For the 5D mass or the value of c of a given multiplet, we will henceforth use the convention
such that if c > (<)1/2, the LH zero-mode with (++) BC is localized near the Planck (TeV) brane.
10
-1
1
10
10 2
10 3
-0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
c < -1/2 :
m≈0.83√(c-1/2)√(c+1/2)ek p r(c+1/2)MKK
-1/2 < c < -1/4 :
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Figure 1: Mass of the lightest (−+) KK fermion as a function of c for different values of the KK gauge boson
mass. From bottom to top, MKK =3, 5, 7, 10 TeV.
As showed above, the (−+) LH KK state is lighter than the gauge KK states for c < 1/2 (and
exponentially light for c < −1/2). The KK mode being a Dirac fermion, its Dirac partner with
(+−) BC and RH chirality (denoted by “hat”, for example, Lˆ′) is also light (since the two helicities
obviously have the same spectrum). We can show that the “effective” c (i.e., the c appearing in
equations of motion) for the RH helicity is opposite to that of the LH helicity. This implies that the
(+−) left-handed KK states (and also their (−+) RH partners) are lighter than the gauge KK states
for c > −1/2 (exponentially light for c > 1/2). For instance, we will consider later on a model where
SO(10) is broken on the TeV brane in which case left-handed GUT partners of SM fermions (i.e.,
with same chirality as SM fermions) will have (+−) BC6 so that LH (+−) KK partners of light SM
fermions (which have c > 1/2) will be exponentially light.
For simplicity, sometimes (as we did in the plot above) we will refer to the LH chirality only (i.e.
the same Lorentz helicity as the zero-mode), but it is understood that we mean the Dirac fermion.
The consideration of the other chirality of the (−+) fermion gives another intuitive understanding of
its lightness as follows. Changing BC on the Planck brane (where SO(10) is broken) from (++) to
(−+) adds an extra (RH) (+−) chirality which is localized near the Planck brane for c ≪ 1/2 since
6whereas in the model with SO(10) broken on the Planck brane, they had (−+) BC.
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the change of BC is a small perturbation7. Then, the small overlap of the two chiralities (the (−+)
LH chirality, i.e., would-be-zero-mode is localized near the TeV brane) explains the small mass of the
(−+) fermion.
4.2 The LZP is likely to belong to the multiplet containing the SM right-handed top
We have seen that (−+) KK fermions are lighter than gauge KK states for c < 1/2 so that the LZP
is a (−+) fermion from the bulk multiplet having the smallest c provided c < 1/2 (see Fig. 1). Recall
that the smallest c is that of tR (see subsection 2.1). Hence, the LZP comes from the multiplet wich
contains the tR zero mode. Moreover, its c can be close to −1/2 so that mLZP ≪ TeV is possible.
At tree level and before any GUT breaking, all fields within a GUT multiplet have the same c.
Loop corrections and bulk breaking of the GUT will lift the degeneracy between these KK masses. In
the absence of a detailed loop calculation, we are unable to predict the mass spectrum and we will be
guided by phenomenological requirements: the LZP should be colorless and electrically neutral if it
is to account for dark matter. In Pati-Salam, where the gauge group is SU(4)c × SU(2)L × SU(2)R,
bulk fermions are (4,2) of SU(4)c × SU(2)R and (4,2) of SU(4)c × SU(2)L. So the LZP has gauge
quantum numbers of a right-handed (RH) lepton doublet since b˜R is neutral under Z3 (tilded fermions
denote SU(2)R partners of SM fermions and do not have zero modes). e
′
R can be heavier than ν
′
R due
to electroweak loop corrections to KK masses (primed fermions denote SU(4)c partners and do not
have zero modes).
In SO(10), there are additional Z3-charged quark-like states in the 16 GUT multiplet containing
tR. These are probably heavier than ν
′
R due to QCD loop corrections. Additional Z3-charged lepton-
like states can again be heavier than ν ′R due to electroweak loop corrections. ν
′
R is actually the only
viable dark matter candidate. Indeed, it is well known that TeV left-handed neutrinos are excluded
by direct detection experiments because of their large coupling to the Z gauge boson [25]. To ensure
that ν ′R is the LZP (if electroweak corrections are not enough) we can make use of bulk breaking of
the unified gauge group. This easily allows for splitting in c’s of the different component of the GUT
multiplet (see section 7).
We are now ready to discuss in more details model-building issues. We start with the unified
gauge symmetry in the bulk of AdS5. The gauge group can then be broken on the branes by boundary
conditions or in the bulk by giving a vev to a scalar field. As seen previously, we are forced to break
the GUT by boundary conditions to prevent proton decay. In addition, we will find it useful to break
it also in the bulk by a small amount. For simplicity, we will start with the Pati–Salam model. We
will then extend it to SO(10) which can accomodate gauge coupling unification, just like SU(5) as
shown in reference [12].
5. Pati-Salam model
In the background of Eq. (2.1), the lagrangian for our model reads:
S =
∫
d4x dz
√
g (Lgauge + Lfermion + LUV δ(z − zh) + LIR δ(z − zv)) (5.1)
7For c & 1/2 this change of BC is not a small perturbation so that the added helicity is not localized near the Planck
brane.
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Lgauge + Lfermion is the bulk lagrangian. Lfermion is given in Eq. 2.3. We now focus on Lgauge:
Lgauge = √g
(− 1
4
TrWLMNW
MN
L −
1
4
TrWRMNW
MN
R
−1
4
TrFMNF
MN + |DMΣ|2 − V (Σ) + ai
Λ3/2
ΣFiMNF
MN
i
)
(5.2)
where the indices are contracted with the bulk metric gMN . WLMN , WRMN and FMN are the field
strengths for, respectively, SU(2)L, SU(2)R and SU(4)c. Σ is a scalar transforming under the Pati-
Salam gauge symmetry. Its sole purpose is to spontaneously break Pati-Salam to the SM gauge group
at a mass scale below k. Specifically, 〈Σ〉 ≡ v3/2Σ so that non standard gauge fields acquire a bulk mass
∼MGUT ∼ g5Dv3/2Σ . The higher-dimensional operator coupling Σ to the gauge fields gives threshold-
type corrections to the low-energy gauge couplings (see Eq. 11.1) and is suppressed by Λ, the 5D
cut-off of the RS effective field theory. We will discuss the motivation for this bulk breaking of GUT
in section 7.
LUV includes the necessary fields to spontaneously break U(1)R × U(1)B−L to U(1)Y on the UV
brane and LIR contains the SM Higgs field, a bidoublet of SU(2)L×SU(2)R (there is no Higgs triplet):
LIR = LHiggs + LY ukawa, (5.3)
LY ukawa generates Yukawa couplings for fermions, it will be given in Eq. 5.12 and
LHiggs =
√−gIR
(
DµH
[
DµH
]† − V (H)) . (5.4)
gIR is the induced flat space metric in the IR brane. After the usual field redefinition of H [1], Eq. (5.4)
takes its canonical form:
LHiggs = DµH
[
DµH
]† − V (H) (5.5)
with 〈H〉 =
(
0
v/
√
2
)
, v ≈ 250 GeV.
We assume that brane-localized kinetic terms for bulk fields are of order loop processes involving
bulk couplings and are therefore neglected in our analysis.
5.1 Breaking of Pati–Salam on the UV brane
SU(4)c × SU(2)L × SU(2)R is first broken to SU(3)c × SU(2)L ×U(1)R ×U(1)B−L8 by assigning the
following boundary conditions to the µ-components of the gauge fields [17, 18, 19].
UV IR
Xs − +
W 1,2R µ − +
other gauge fields + +
This can be done by either orbifold BC or more general BC which approximately correspond to (−+)
BC. On the other hand, the breaking of U(1)R × U(1)B−L → U(1)Y cannot be achieved by orbifold
BC. There are two linear combinations of W 3R µ and Vµ, where Vµ denotes the (B − L) gauge boson.
8Here, we keep the usual standard appellation “B−L” denoting the extra U(1) contained in Pati–Salam and SO(10),
however, it is clear that the “B” in “B−L” has nothing to do with the extra baryon number symmetry U(1)B we impose
to protect proton stability.
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One, Bµ, has (++) BC and is the hypercharge gauge boson, whereas the orthogonal combination,
denoted by Z ′, is spontaneously broken due to its coupling to a Planckian vev on the UV brane, which
mimics (−+) BC to a good approximation.
Z ′µ ≡
g5 RW
3
R µ −
√
3/2g5 cVµ√
g25 R +
(√
3/2 g5 c
)2 Bµ ≡
√
3/2 g5 cW
3
R µ + g5 RVµ√
g25 R +
(√
3/2 g5 c
)2 (5.6)
The electroweak covariant derivative reads
DM = ∂M − i(g5 LW aL MτaL + g5 RW aR MτaR +
√
3/2 g5 cVM (B − L)/2) (5.7)
where g5 c, g5 L and g5 R are the 5D gauge couplings of SU(4)c, SU(2)L and SU(2)R, respectively and
the
√
3/2 factor in the coupling of V comes from SU(4)c normalization. In terms of Z
′ and B, the
five dimensional electroweak covariant derivative is now
DM = ∂M − i
[
g5 LW
a
L MτaL + g5 RW
1,2
R Mτ
1,2
R + g5 Z′Z
′
MQZ′ + g
′
5BM (τ
3
R + 1/2(B − L))
]
(5.8)
The couplings of the hypercharge (Y = τ3R + (B − L)/2) and Z ′ gauge bosons are
g′5 =
√
3/2 g5 c g5R√
g25 R +
(√
3/2 g5 c
)2 , g5 Z′ =
√
g25 R +
(√
3/2 g5 c
)2
(5.9)
Also, the charge under Z ′ and the mixing angle between V and W 3R read
QZ′ = τ
3
R − sin2 θ′ Y, sin θ′ =
√
3/2 g5 c
g5 Z′
(5.10)
5.2 Bulk fermion content
The usual RH fermionic fields are promoted to doublets of SU(2)R. Quarks and leptons are unified
into the 4 of SU(4)c. However, the SM zero modes originate from different multiplets. Indeed, since we
are breaking SU(2)R symmetry through the UV orbifold, one component of SU(2)R doublet must be
even and have a zero-mode while the other component must be odd and not have a zero-mode. Thus,
uR and dR as well as eR and νR will have to come from different SU(2)R doublets. Consequently,
we are forced to a first doubling of the number of (4,2)’s of SU(4)c × SU(2)R. Since we are also
breaking SU(4)c through the UV orbifold, a second doubling is required in such a way that from the
4 of SU(4)c, only the quark must be even and the color singlet must be odd, or vice versa. This is the
usual procedure of obtaining quarks and lepton zero-modes from different SU(5) bulk multiplets in
orbifolded GUT scenarios [18, 19]. Concerning (4,2) of SU(4)c×SU(2)L, they are doubled only once,
again to split quarks from leptons, i.e., in order to guarantee that Xs does not couple SM quarks to SM
leptons (just as for (4,2)’s of SU(4)c × SU(2)R above). To summarize, we have per generation9, four
types of (4,2) under SU(4)c×SU(2)R, denoted by FR, and two types of (4,2) under SU(4)c×SU(2)L,
denoted by FL:
F qR 1 =


uR
d˜R
e′R
ν ′R

 , F qR 2 =


u˜R
dR
e′R
ν ′R

 , F lR 1 =


u′R
d′R
eR
ν˜R

 , F lR 2 =


u′R
d′R
e˜R
νR

 , F qL =


uL
dL
e′L
ν ′L

 , F lL =


u′L
d′L
eL
νL

 (5.11)
9Henceforth, only the chirality with the same transformation as the SM under the Lorentz group will be discussed
(except in section F.1 and A.2) since the other chirality is projected out by Z2 symmetry.
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The untilded and unprimed particles are the ones to have zero modes, i.e. they are (+,+). The extra
fields (again, tildes denote SU(2)R partners and primes denote SU(4)c partners) needed to complete
all representations are (−+) since breaking of SU(2)R × SU(4)c is on the Planck brane. Strictly
speaking, on an orbifold, uR and eR from the same multiplet (and similarly dR and νR) are forced
to have same BC. So, for example, e′R in F
q
R 1 is (++) to begin with, but we assume that it has
a Planckian (Dirac) mass with a Planck brane localized fermion which mimics (−+) BC to a good
approximation (a similar assumption holds for ν ′R in F
q
R 2, u
′
R in F
l
R 1 and d
′
R in F
l
R 2).
To each (4,2), we assign the baryon-number corresponding to that of its zero-mode. U(1)B
commutes with Pati-Salam and we repeat that it should not be confused with the “B − L” subgroup
of Pati-Salam. Note that tilded particles are not “exotic” (no Z3 charge). Only primed particles carry
an exotic baryon number and hence have Z3 charge.
As for the Yukawa couplings to the Higgs, they are necessarily localized on the IR brane:
LY ukawa =
√−gIRH
(
λu 5F
q
LF
q
R 1 + λd 5F
q
LF
q
R 2 + λe 5F
l
LF
l
R 1 + λν 5F
l
LF
l
R 2
)
(5.12)
Note that because uR and dR zero-modes arise from different SU(2)R doublets, we are able to give
them separate Yukawa couplings without violating SU(2)R on the IR brane.
5.3 On an interval (instead of an orbifold)
If we were to break Pati-Salam to the SM by more general boundary conditions [26], the splitting
of the SU(2)R doublet and 4 of SU(4)c would a priori not be forced by consistency of BC. But, we
could not impose baryon-number consistently in a GUT if we do not split 4 of SU(4)c. So, at least,
quark/lepton splitting in the 4 of SU(4)c would be necessary (by assigning Neumann/Dirichlet BC
on the Planck brane). The up-down quark isospin splitting could still be achieved (without doubling
of representations) for light fermions localized near the Planck brane thanks to different kinetic terms
on the Planck brane where SU(2)R is broken. This cannot work for top-bottom since tR has to be
localized near the TeV brane where SU(2)R is unbroken and bR is localized near the Planck brane:
thus, the splitting of the top/bottom SU(2)R doublet would also be necessary. Whether the splitting
of eR and νR zero-modes (to obtain different Dirac masses for charged leptons and neutrinos in case
Planck brane kinetic terms are not enough to do the splitting) is required by phenomenology depends
on the mechanism for generating neutrino masses.
6. Going to SO(10)
6.1 Extra gauge bosons, relations between gauge couplings and larger fermion multiplets
When extending the gauge group to SO(10), there are additional gauge bosons, X, Y , X ′ and Y ′,
which are given (−+) BC10. The SM Higgs is now contained in 10H of SO(10), assigned B = 0. The
breaking of SO(10) to SO(9) by the vev 〈10H〉 leads to the existence on the TeV brane of a color
triplet pseudo Nambu-Goldstone boson, which will be discussed in the section 7.2.
The previous three gauge couplings are now unified g5c = g5R = g5L ≡ g5 with the following
relations: sin2 θ′ = 3/5, g5Z′ =
√
5/2 g5 and g
′
5 = g5
√
3/5 so that sin2 θW = 3/8 at tree level at
10On an orbifold, just as in the case of the breaking of U(1)B−L × U(1)R → U(1)Y in Pati-Salam, some of the (−)
BC on the Planck brane for gauge and fermion fields are (effectively) achieved by a coupling to a Planckian vev on the
Planck brane.
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the GUT scale. Log-enhanced, non-universal loop corrections will modify the relation between the
low-energy 4D g′ and g couplings (just as in the 4D SM). The main reason is that the zero-modes
can span the entire extra dimension up to the Planck brane where SO(10) is broken and so loops are
sensitive to Planckian cut-off’s leading to loop-corrected sin2 θW ≈ 0.23. On the other hand, sin2 θ′
appears only in the couplings of KK modes. Those receive very small non-universal loop corrections
(universal loop corrections do not modify mixing angles) since KK modes are localized near the TeV
brane, where SO(10) is unbroken. Therefore, sin2 θ′ is not modified by loop corrections. We will
extend this discussion in section 11.1.
For fermions, let us start with the orbifold compactification. In this case, we are forced by the
consistency of BC to split not only quarks from leptons and but also SU(2)L and SU(2)R doublets.
In addition, we have to split the components of the SU(2)R doublet. Thus, each of the previous (4,2)
of SU(4)c × SU(2)R and of SU(4)c × SU(2)L are promoted into a full 16 of SO(10) with the extra
states again assigned (−+) BC. This leads to six 16’s per generation. Explicitly, one 16 of SO(10)
for each SM representation: QL = (uL, dL), uR, dR, LL = (eL, νL), eR and νR:
16uR =


uR
d˜R
e′R
ν ′R
L′L
Q′L


,16dR =


u˜R
dR
e′R
ν ′R
L′L
Q′L


,16eR =


u′R
d′R
eR
ν˜R
L′L
Q′L


,16νR =


u′R
d′R
e˜R
νR
L′L
Q′L


,16QL =


QL
L′L
u′R
d′R
e′R
ν ′R


,16LL =


Q′L
LL
u′R
d′R
e′R
ν ′R


The last two lines of the first four multiplets (and the last four lines of the last two multiplets) are the
extra states in going from (4, 2) of Pati-Salam to 16 of SO(10).
Like in Pati-Salam, breaking SO(10) on an interval (by assigning Dirichlet/Neumann BC for
gauge bosons) does not necessarily force us to split fermion multiplets (either quark-lepton splitting,
SU(2)L–SU(2)R doublet splitting or splitting within a SU(2)R multiplet). But, phenomenologically,
like in Pati-Salam, we have to obtain SM quarks and leptons from different 16’s to suppress proton
decay and split SU(2)L and SU(2)R quark doublets to assign baryon number. And again, we also
need to split tR and bR in a realistic model. This would lead to three 16’s per generation: one 16
for SU(2)L quark doublet, one for SU(2)R quark doublet and one 16 for leptons, which is what we
presented in [20], plus an extra 16 to split tR and bR. Imposing lepton number symmetry, as discussed
below, further requires to split SU(2)L and SU(2)R lepton doublets. This would amount in thirteen
16’s in total. We will discuss the impact of this large number of representations on the loop corrections
to gauge couplings in subsection 11.3.
6.2 Lepton Number Symmetry
Left and right-handed leptons could be obtained from the same 16 (as we did in our toy example
[20]). However, in a realistic model, we are forced to split them for the following reason. If SO(10)
is unbroken in the bulk, Majorana masses for SM νL cannot be written on the TeV brane since the
LLLLHH operator is forbidden by the B−L gauge symmetry (and similarly, bulk Majorana masses,
i.e., νRνR operator for RH neutrinos are not allowed). However, we will break SO(10) in the bulk
for reasons presented in section 7. In this case, B − L is also broken in the bulk (in general) and
the operator LLLLHH is allowed. This gives Majorana masses for SM νL of roughly the same size
as charged lepton masses since the effective UV cut-off suppressing this operator is of order TeV,
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with some, but not much suppression from GUT breaking. In addition, bulk Majorana masses for
right-handed neutrinos are also allowed and spoil the seesaw mechanism of reference [27]. In short,
lepton-number is violated at low scale. To remedy this problem, we have to impose a bulk gauged
lepton-number symmetry in addition to the baryon-number symmetry. We can break it spontaneously
on the Planck brane, just like we do with baryon-number which would restrict Majorana masses for
νR to be written on the Planck brane only, as required for see-saw mechanism for neutrino masses of
reference [27]11.
SM left and right-handed leptons come from different 16’s with lepton numbers +1 and −1 and
other 16’s and Higgs are assigned zero lepton-number. For simplicity, the toy example we presented
in [20] did not invoke splitting of SU(2)R multiplet nor splitting of left and right-handed leptons.
7. Bulk breaking of unified gauge symmetry
7.1 In Pati-Salam and SO(10)
We are willing to invoke the bulk breaking of GUT via the scalar Σ (see Eq. 5.2) in both Pati-Salam
and SO(10) for the following reasons:
• The Yukawa coupling λt 5HbLb˜R (see Eq. 5.12) leads to a mass term of the type mtb(0)L b˜(1)R f (cR),
where f(c) ≈
√
2/(1 − 2c) (for c > −1/2) where we used Eq. 9.5 and the wavefunction of b˜(1)R
given in appendix A.2. There is also a KK mass, m
b˜
(1)
R
b˜
(1)
R
ˆ˜b
(1)
R , where
ˆ˜b
(1)
R is the 5D KK partner
of b˜
(1)
R . The mixing between b
(0)
L and
ˆ˜
b
(1)
R results in a shift in the coupling of bL to Z of order
∼ m2t f (cR)2 /m2b˜(1)R , using f (cR) ∼ 1 (the analysis is similar to the ν
′
R − ν ′L mixing in section
9.3). For this shift to be . 1%, b˜
(1)
R needs to be heavier than ∼ 1.5 TeV, meaning that the c for
b′R should be & −1/4 if the gauge KK mass MKK ≈ 3 TeV (see spectrum in section A.2). In
the absence of bulk breaking, the c’s for all components of tR multiplet are the same and ν
′
R will
have to be heavier than ∼ 1.5 TeV also which restricts the viable parameter space for the LZP
to account for dark matter.
• As mentioned above, we want to ensure that e′R in Pati-Salam (and other lepton-like states in
SO(10)) is heavier than ν ′R in case electroweak corrections were not large enough to achieve the
required splitting. A small amount of bulk breaking of SU(2)R and Pati-Salam allows us to split
the c’s of the (−+) fermions in tR multiplet and thus to address the above two issues. To be
precise, choose c for ν ′R to be smaller than that of b˜R and e
′
R. We will give details on the size of
splitting in c’s in section 7.5.
• Bulk breaking of SU(2)R is also used to get a contribution to the Peskin-Takeuchi T parameter
of order ∼ 0.3 as required to fit electroweak data [14]: Tbulk ∼ 12 M2GUT /k2, where MGUT is the
bulk mass of W±R . If MGUT /k ∼ 1/2, then Tbulk ∼ 0.1. Loop effects can generate the remaining
contribution to T [14]. If MGUT ∼ k, we get a too large Tbulk ∼ 0.5 – this is another reason,
independent of unification considerations in SO(10) (see section 7.5), to assume thatMGUT < k.
11However, notice that there is no analog of the Z3 symmetry associated with baryon-number since there is no analog
of unbroken color invariance for leptons
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7.2 Specificities of SO(10)
In SO(10) there are additional reasons to invoke bulk breaking:
• To achieve gauge coupling unification [12] (see section 11).
• To make the Higgs triplet, charged under Z3, heavier than ν ′R. Indeed, we do not want it to
be the LZP. As a colored particle, it is not a suitable dark matter candidate. Without bulk
breaking and at tree-level, it is the massless (pseudo) Nambu-Goldstone boson coming from the
breaking of SO(10) to SO(9) by the Higgs vev (recall that BC’s on the TeV brane do not break
SO(10)). SO(10) being broken also on the Planck brane (by BC), loop corrections will give it a
mass which may be too small, of order αsM
2
KK/π. With bulk breaking, the Higgs triplet gets
a tree-level mass via the operator Σ10H10H . For sufficient bulk GUT breaking, this mass is
larger than the one-loop induced mass so that Higgs triplet can be heavier than ν ′R.
• To make some Z3-charged particles such as X, X ′, Y , Y ′ or Q′L, L′L from the multiplet with
t
(0)
R or ν
′
R, u
′
R from the multiplet with Q
(0)
L , decay before Big Bang Nucleosynthesis (BBN).
In the absence of bulk breaking, they can only decay via very higher-dimensional operators so
that their decay width may be too small, as explained in the next section. Note that (non-SM)
Pati-Salam gauge boson (Xs) and Pati-Salam partners of zero-mode fermions decay easily as
mentioned below.
7.3 Decay of KK particles (other than the LZP)
Clearly, Z3-charged particles eventually decay into the LZP. In Pati–Salam, Z3 charged particles
decay into ν ′R easily: e
′
R from t
(0)
R multiplet decays into LZP +W
±
R , followed by W
±
R mixing with
W±L zero-mode due to EW symmetry breaking: the coupling e
′
RW
± LZP is similar to the coupling
of the LZP to Z induced via Z − Z ′ mixing after EW symmetry breaking (see section 9.2), of order
∼ gkπrcm2W /M2KK ∼ g/30 for MKK ∼ 3 TeV. Xs decays fast into t(0)R and ν ′R. Z3 charged fermions
from other multiplets can decay into the zero-mode from that multiplet and virtual Xs: for example,
u′R from multiplet with e
(0)
R decays into ν˜R +Xs followed by decays of Xs and ν˜R →W±e(0)R (the last
decay occurs via W±R −W∓L mixing).
Finally, tilded particles, not charged under Z3, decay into their SU(2)R partners which have zero-
modes and KK mode W±R which again mixes with zero-mode of W
±
L . Tilded particles can also decay
into SU(2)L doublet and Higgs as follows. As mentioned before (section 7.1), there is a Yukawa
coupling λtf(ctR)Hb˜R(t, b)L which results in the decay b˜R → bLH0, tLW+long. – this dominates over the
decay into tRW
+ (which is suppressed by W±R −W∓L mixing).
In contrast with Pati–Salam, decays in SO(10) of the non-Pati-Salam Z3-charged particles (both
fermions and gauge bosons) into ν ′R are problematic in the absence of bulk breaking. Indeed, there is
no short path for this decay. Specifically, X, X ′, Y , Y ′ or Q′L and L
′
L from t
(0)
R multiplet cannot decay
into the LZP via gauge interactions. The reason is that, while there are t
(0)
R −X −Q′L and t(0)R X ′L′L
couplings, there are no t
(0)
R −Xs −Q′L (or L′L) couplings and also no t(0)R −LZP −X or X ′ couplings.
Thus, the decays of these particles have to go through higher-dimensional operators, and, in
order for these operators not to be suppressed by the Planck scale, they have to be B-conserving.
For example, operators such as (Q′LQLQLL) ν
′ c
R LH and (L
′
LQd
c
Rν
c
R) ν
′
RL¯H from
(
164
)× (161610H)
will lead to decays of Q′L and L
′
L into LZP. They break the usual lepton-number, but do not generate
Majorana masses since LLLLHH on the TeV brane or νRνR in the bulk are forbidden by the unbroken
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bulk B −L gauge symmetry. Thus, in the absence of bulk breaking, we do not need to impose lepton
number to forbid these masses. However, these operators result in 5-body decays of Q′L and L
′
L into
LZP with amplitude suppressed by 6 powers of the KK mass since it is a dimension-10 operator and
can result in lifetimes longer than the BBN epoch.
Let us give an estimate for the decay width: Γ ∼ v2(∆m)11/Λ12/ (4096 π7), where ∆m is the
mass splitting between Q′L and the LZP which is small since they have the same c, 4096 π
7 comes
from the 5-body phase-space and Λ here is the warped-down string scale of order a few TeV. For
∆m ∼ 0.2mLZP ∼ 100 GeV and Λ ∼ 3 TeV, we get Γ ∼ 10−22 GeV and a lifetime of ∼ 10−2 sec.
However, the lifetime is extremely sensitive to ∆m and Λ: for example, with ∆m ∼ 10 GeV, we get a
lifetime of ∼ 109 sec. Similarly, decays of ν ′R and u′R from the multiplet with Q(0)L might be suppressed:
their masses are ∼ few TeV so that phase-space suppression is smaller (i.e., ∆m is larger), but still
the decay can occur after BBN since, for example, Λ can be larger.
Let us now recall why there is a potential danger from late decays of TeV mass particles. Particles
decaying after BBN can ruin successful predictions of abundances of light elements. Decay products
inject photons and electrons into the plasma which can dissociate light elements. This leads to a
lifetime dependent bound on the quantity m × Y , where m is the mass of the decaying particle and
Y = n/s, where n is the number density that this particle would have today if it had not decayed
and s is the entropy density today. The strongest bound is for lifetimes of the order of 108s and reads
m× Y < 10−12 GeV [28]. The standard relic density calculation of cold massive particles leads to
m× Y ∼ xF
√
45√
πg∗MP l〈σv〉 ∼ 3× 10
−19 xF√
g∗〈σv〉 GeV
−1 (7.1)
For a relic behaving as a WIMP, we expect xF ∼ 25. If it accounts for dark matter then 〈σv〉 ∼ 10−9
GeV−2 and m × Y ∼ 7.5 × 10−9 GeV. We see that even if the light KK states we are considering
contributed to the final energy density of dark matter by only one percent or one per mil (after they
decay into the LZP), they could be dangerous if they decay late, i.e. after BBN. To suppress any
potential danger coming from the late decay of these next-to-lightest Z3 charged particles (NLZP), we
invoke bulk breaking of SO(10) which we discuss next.
7.4 Decays of NLZP’s with bulk breaking of SO(10)
In the presence of SO(10) bulk breaking, decays of Q′L and L
′
L from the tR multiplet into the LZP
easily take place thanks to X ′ −Xs and Y − Y ′ mixing due to
LIR ∋
√−gIR
(
b
M2S
〈16Σ〉Dµ〈16Σ〉Dµ〈10H〉+Dµ〈10H〉Dµ〈10H〉
)
(7.2)
where 〈16Σ〉 is in SM singlet component and the covariant derivatives give gauge fields, X, X ′ and
Xs. The first term leads to X
′ −Xs mixing and hence to the decays
t′L → X ′ν ′R via mixing→ t(0)R ν ′Rν ′R and ν ′L → X ′∗t(0)R
via mixing→ t(0)R t¯(0)R ν ′R
whereas their SU(2)L partners decay as (X, Y and Y
′ cannot mix with Xs due to their different
electric charge)
b′L → t′LW−L → t(0)R ν ′Rν ′RW−L
τ ′L → ν ′LW±L
→ ν ′Rt(0)R t¯(0)R W±L (7.3)
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Similarly, the 2nd term in Eq. (7.2) gives Y − Y ′∗ mixing resulting in other decay chains (using
the Y ′ − X ′ − WL coupling). We can estimate these decay widths as follows. Naive dimensional
analysis (NDA) size for b is ∼ λ5Λ (as expected since it is a coupling of Higgs) resulting in a Xs −X ′
mixing term of order ∼ M2GUT (λ5kv) /Λ, where MGUT and Λ are actually the warped-down values
since this operator is on the TeV brane. We used the fact that wavefunctions for gauge KK modes
at the TeV brane are ∼ √k (see appendix A.1). Using Eq. 9.5, we get λ5kv ∼ 500 GeV with c for
(t, b)L ∼ 0.4 and c for tR ∼ −1/2. Then, the coefficient of the 4-fermion operator for the decay of,
say, ν ′L, is ∼ g2SMkπrcM4KK × (X ′ −Xs) mixing. We used the fact that the couplings of the gauge KK
mode to KK fermions and t
(0)
R are enhanced by ∼
√
kπrc compared to gSM (see section 9.1). Assuming
mν′L > 2mt+mLZP , we obtain Γ ∼ (above coefficient)2×
(
mν′L − 2mt −mLZP
)5
/
(
64π3
)
, where 64π3
is from the 3-body phase-space. For gSM ∼ 1/2, mν′L ∼ 1 TeV and mLZP ∼ 200 GeV, MGUT /k ∼ 1/2
we get Γ ∼ 10−8 GeV and a lifetime ∼ 10−17 sec.
Similarly, ν ′R and u
′
R from the multiplet with Q
(0)
L can decay into Q
(0)
L + (X
′, Y ′) or (X,Y ),
followed by mixing with Xs. ν
′
R and u
′
R have masses of a few TeV so that their lifetimes are even
shorter than above.
7.5 Size of bulk breaking and splitting in c
Having seen the motivation for bulk breaking, we now show what is its natural size. The splitting in
c (due to last term of Eq. 2.3) is given by (k∆c) ∼ a′〈Σ〉/√Λ (where a′ is defined in Eq. 2.3). The
NDA sizes for coupling of Σ to gauge fields (see Eq. 5.2) and fermions are a ∼ a′ ∼ g5
√
Λ leading to
∆c ∼ g5v3/2Σ /k. We previously saw that the bulk mass for X,Y is MGUT ∼ g5v3/2Σ so that
∆c ∼ MGUT /k. (7.4)
The size of MGUT /k can be inferred from the requirement of gauge coupling unification: NDA size
for the bulk threshold correction ∆ in 1/g24D (see Eq. 11.1), from the higher-dimensional operator in
Eq. (5.2) is ∼ kπrc/g25 ×MGUT /Λ. The size of this correction should be ∼ 20% (and not larger) to
accomodate unification [12]. Using kπrc/g
2
5 ∼ 1/g24D ∼ O(1), we get MGUT /Λ ∼ 1/5. Of course, this
argument is not valid for Pati-Salam. The splitting in c is then given by ∆c ∼ (1/5) × Λ/k where
Λ > k is required for calculability. We also require that MGUT /k < 1/2 so that we can use the small
GUT breaking approximation as follows. There are one-loop non-universal corrections to 1/g24D (see
Eq. 11.1) from GUT-scale splittings in masses. For example, the splitting between (mass)2 of X,Y
gauge bosons and SM KK gauge bosons is O
(
M2GUT /k
2
)
so that these one-loop corrections have a size
∼ C M2GUT
k2
kpirc
8pi2
, where C is the Dynkin index of the bulk X/Y gauge fields [12]. For MGUT /k ∼ 1/2,
these result in ∆i’s ∼ C/8 which is about what we require for unification. Whereas, for MGUT ∼ k,
∆i’s ∼ C/2 which spoils unification – to repeat, we tolerate ∆ ∼ 1/512. Combining the above two
arguments, we get
0.2 . ∆c . 1/2 (7.5)
This size is enough to obtain the splitting in mass between KK particles from the tR multiplet as
required in section 7.1. Explicitly, c for GUT partners of tR is given by ctR ±∆c with ctR . 0 and we
have seen that the mass of the (−+) fermion is very sensitive to c for c ∼ −1/2. Thus, ν ′R (assuming
its c is the smallest) can be significantly lighter than other Z3-charged GUT partners of tR and ensured
12Note that ∆ from higher-dimensional operator can be small even for MGUT ∼ k as long as MGUT < Λ.
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to be the LZP. Also, b˜R can be easily heavier than 1.5 TeV (as constrained experimentally by Z → bb¯),
while at the same time mν′R < TeV (which is the preferred mass range in order to obtain the correct
relic density).
8. Other models
Before discussing the interactions of the LZP and showing that it is a good DM candidate, we briefly
mention other related models.
8.1 SO(10) breaking on the TeV brane
An alternative possibility is to break SO(10) to SU(3)×SU(2)L×SU(2)R×U(1)B−L on the TeV brane,
using (+−) boundary conditions for the other gauge fields of SO(10): we choose not to break SU(2)R
by BC on the TeV brane in order to preserve the custodial symmetry. Thus, SU(2)R × U(1)B−L
should be broken to U(1)Y on the UV brane (as in the previous model). Extra fermionic states with
the same chirality as zero-modes (i.e., SM fermions) are also (+−) while they are (−+) for the other
chirality. We can still define a Z3 as before. The LZP now comes from the multiplet with the largest
c, namely the multiplet with one of the light fermions having c > 1/2 as explained in section 4.1.
As usual, due to bulk GUT breaking, we can assume that the LZP is ν ′R. Annihilation of the LZP
via Z ′ exchange (for (−+) chirality), which will be described in the next section, is the same in the
two models. However, the one via Xs-exchange is negligible in this model since the zero-mode which
couples to the LZP via Xs is now localized near the UV brane (cf. the previous model, where this
channel is important since tR is localized close to the TeV brane). Concerning the coupling of the LZP
to the Z (playing an important role in annihilation and elastic scattering and which will be described
in the next section), the one occurring via Z ′ − Z mixing (for (−+) chirality) is the same in the two
models and the one via ν ′R−ν ′L mixing (for (−+) chirality) is also similar, except that the 5D Yukawa
entering this coupling is that of the light fermion.
The Higgs multiplet is still a bi-doublet of SU(2)L × SU(2)R but there is no Higgs triplet since
SO(10) is broken on the TeV brane. As far as unification of couplings goes, if there is no bulk GUT
breaking, the “would-be” zero-modes of X,Xs etc. get a mass ∼MKK/
√
kπrc which spoils unification.
However, with bulk breaking, these modes get a mass of ∼MGUT so that unification is similar to the
previous model (see reference [12]).
8.2 Warped SUSY SO(10)
If the model has supersymmetry in the bulk, the Higgs can be localized near the Planck brane since
SUSY protects its mass. Thus, SM fermions can also be localized very close to the Planck brane
(c≫ 1/2) so that higher-dimensional baryon-number violating operators are suppressed by Planckian
scales. There is no longer a need to impose baryon-number symmetry. There will be no stable KK
state. However, there is still a possibility to account for dark matter if the lightest supersymmetric
particle is stable via R-parity conservation. Of course, one loses the explanation of the hierarchy of
fermion masses which is one of the appealing features of non-SUSY RS. One has to introduce small
Yukawa couplings by hand. If one was to address the issue of Yukawa hierarchy by delocalizing the
fermions (c
<∼ 1/2), then a baryon number symmetry would be required. In addition, the Higgs would
also have to be in the bulk and should be given almost a flat profile. Otherwise, MSSM unification
will be spoiled by the modification of the contribution of the Higgs to the running. For recent works
on warped supersymmetric SO(10), see references [29].
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8.3 SU(5) model
SU(5) models do not contain a custodial symmetry and are constrained by EW precision tests. The
IR scale has to be pushed to 10 TeV or more (depending on the size of brane kinetic terms). This
introduces a little hierarchy problem and also make these models less appealing since there is no hope
to produce KK modes at colliders. Nevertheless, we briefly discuss this model to see whether there
can be a stable KK particle. Suppose SU(5) is broken to the SM on the Planck brane: X,Y gauge
bosons are (−+). If dR from 5¯ is (++), i.e., has zero-mode, then, on an orbifold, L′L from the same
multiplet has to be (−+). Consistency of BC on an orbifold requires the same BC for uR and eR,
i.e., zero-modes for both uR and eR can come from the same 10, but we give one of them a Planckian
mass with fermion localized on the Planck brane so that it is effectively (−+)13. So one gets two 5¯’s
and three 10’s per generation with zero-modes for dR, LL, QL, uR and eR, respectively. One has to
impose baryon-number. Z3 again gives a stable particle. The only electrically and color neutral,but
Z3-charged particle is ν
′
L: if it is to account for dark matter, then its mass is constrained to be at least
a few tens of TeV from direct detection experiments [25].
On an orbifold, it is also possible to obtain the stability of a KK state via a discrete symmetry
not related to baryon-number: One can define P = Z2-charge ×Z ′2-charge. Bulk interactions are
P -invariant even after compactification (which breaks Z2 and Z
′
2 separately but leave the product
intact). Particles with zero-modes (++) are P -even, particles with no zero-modes (−+) or (+−) are
P -odd14.
If we assume that the bare lagrangian on each brane respects both Z2 and Z
′
2 (of course, on an
orbifold, it has to respect Z2 corresponding to reflection about that brane), then all tree-interactions
are P -even. Loops cannot generate P -violating interactions and P-parity is exact at loop-order. The
lightest P -odd particle is stable since it cannot decay into P -even SM particles hence can be the DM.
Again, the only candidate is ν ′L. Note that in Pati-Salam or SO(10), we cannot assume P -parity
since the bi-doublet Higgs couples W±R (−+) to W±L (++), i.e., the Higgs couplings do not preserve
P -parity.
8.4 SO(10) model with gauged lepton number
As we said in the introduction, imposing only a (gauged) lepton number symmetry is enough to
prevent proton decay, although ∆B = 2, i.e neutron-antineutron oscillations are still allowed but
suppressed by the TeV scale. In this case, we need again to replicate representations. On an interval,
three 16’s per generation with lepton numbers +1, −1 and 0 containing zero-modes for LL and LR
and all quarks, respectively, are sufficient. In addition, extra 16’s for the third generation are needed
to split bR and tR as usual and also (t, b)L from tR and bR (due to the three different c’s). As in the
case of baryon-number symmetry, we add spectators on the Planck brane and break lepton-number
spontaneously on that brane.
In this alternative, we do not obtain a stable particle hence no DM candidate. This is because
there is no unbroken gauge symmetry under which only leptons are charged so that there is no analog
of unbroken Z3 symmetry, even if lepton number is unbroken. The ν
′
R (and other KK states) from tR
multiplet will still be light, but ν ′R → neutron +S (where S is a neutral scalar SM final state with zero
lepton number) or proton +S′ (where S′ is a charged scalar final state) is allowed. Note that the above
13The same argument applies to Pati-Salam model (as mentioned before) and to the SO(10) model.
14This parity was denoted GUT-parity in reference [11], but it can be present in any model with gauge symmetry
breaking on Z2 × Z′2 orbifold.
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decay of ν ′R breaks baryon-number by 1 (since ν
′
R has zero baryon-number), but this is allowed since
we are not imposing baryon-number in this case. The final state has to involve a proton or a neutron
which are the only SM fermionic states carrying zero lepton-number (recall that ν ′R has zero lepton
number). For example, there is a coupling (X ′, Y ′)Q(0)d(0)R from a bulk interaction since zero-modes of
Q and dR can be obtained form same multiplet so that we get ν
′
R → t(0)R X∗s , followed by Xs → d(0)L d(0)R
(via X ′−Xs mixing). In this model, baryon number violating decays such as (X ′, Y ′)→ Q(0)d(0)R and
(X,Y )→ Q(0)u(0)R could be observed at colliders.
However, on an orbifold, consistency of BC will force us to split SU(2)L and SU(2)R doublet
quarks also so that we will require a larger number of 16’s. Recall that there is a GUT parity in the
bulk in this case (we call it P-parity in section 8.3) under which all (−+) states (with no zero-modes)
are odd. Hence, the lightest P-odd state (most likely ν ′R) cannot decay via bulk interactions. Other
light KK states can decay into it in the bulk as in our model with baryon-number. P-parity can
be broken by brane interactions. In fact, in SO(10) or Pati-Salam model, Higgs couplings are not
invariant under P-parity so that P -parity has to be broken on the TeV brane. Thus, ν ′R will decay via
interactions on the TeV brane. To be concrete, the operator 1¯6QD6 16d, leading to (X ′, Y ′)→ Q(0)d(0)R
as before, is allowed only on the TeV brane15. Then, ν ′R can decay as before. Or, in the absence of
X ′ −Xs mixing, ν ′R can decay via higher-dimensional operators on the TeV brane.
9. Interactions of the KK right-handed neutrino
We are interested in computing the energy density stored in the LZP. The LZP, once it stops interacting
with the rest of the thermal bath, is left as a relic. We define xF = m/TF where TF is the freeze-out
temperature. The general formula for the contribution of a massive cold relic to the energy density of
the universe is:
Ωrelich
2 =
s0 h
2
ρcMP l
√
45
πg∗
1∫∞
xF
dx 〈σv〉x2
(9.1)
Here, s0 is the entropy density today, ρc is the critical energy density of the universe, h is the reduced
expansion rate (H0 = h× 100 km s−1 Mpc−1) and g∗, the number of relativistic degrees of freedom, is
evaluated at the freeze-out temperature. In the non relativistic limit, the thermally averaged annihi-
lation cross section reads 〈σv〉 ≈ a+ bv2, where v is the relative velocity between the two annihilating
particles and Eq. (9.1) becomes
Ωrelich
2 =
1.04 × 109
MP l
xF√
g∗
GeV−1
(a+ 3b/xF )
(9.2)
where a and b are in GeV−2. In the industriously studied case of neutralino dark matter, a is smaller
than b because of the Majorana nature of the dark matter particle, leading to a p-wave suppression
of the annihilation cross section. In contrast, the LZP is a Dirac fermion and its cross section is not
helicity suppressed. To evaluate ΩLZP , we need to compute the annihilation cross section of the LZP.
By definition, a WIMP has an annihilation cross section of the right order, 10−9 GeV−2, leading to
the appropriate relic density to account for dark matter. We will now detail how our KK right-handed
neutrino annihilates and explain why we expect it to behave as a typical WIMP.
15In the bulk, such a decay is not allowed due to the P -parity or equivalently, as mentioned above, since Q(0) and d
(0)
R
are obtained from different multiplets.
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9.1 Estimates of cross-sections
We start with estimates of the couplings of the LZP and of its annihilation and elastic scattering
cross-sections. We will then present the details in the following sections and appendices.
All gauge and fermion KK modes, including the LZP, as well as the Higgs, the top and possibly
the left-handed bottom quarks, are localized near the TeV brane. Consequently, any coupling between
these particles is large. The LZP can annihilate significantly through an s-channel exchange of Z ′
gauge boson (into top quarks and Higgs) as well as a t-channel exchange of KK Xs gauge boson into
a zero mode tR as shown in Fig. 2 (recall that the LZP is from the tR multiplet). As explained below,
those couplings are typically 5 or 6 times larger than SM couplings. However, the particle which is
exchanged has a mass of at least 3 TeV. Effectively, the annihilation cross section has the same size as
the one involving SM couplings and particles of mass of order 500 GeV. We are indeed dealing with
“weak scale” annihilation cross sections.
In addition, we will show that the LZP has a significant coupling to the Z. Since the LZP can
be naturally much lighter than gauge KK modes, s-channel annihilation through Z-exchange can also
have the right size. This coupling also results in a cross-section for direct detection via t-channel Z
exchange which is of weak-scale size.
We explain in appendix E why we can neglect the annihilation through Higgs exchange in our
analysis.
Note that at the lowest order, the LZP cannot annihilate with itself into SM particles but only
with its antiparticle, due to Z3 conservation.
ν ′R
ν ′R
Z ′
t , b
t , b
ν ′
R
ν ′R
h+ , h∗
h− , h
Z ′
ν ′
R
ν ′
R
Z
f , t , b
f , t , b
tR
tR
X ′
s
ν ′R
ν ′R
ν ′R
ν ′R
H
t
t
ν ′R
ν ′R
H
W+ , Z
W− , Z
Figure 2: LZP annihilation channels. f denotes all SM fermions other than top and bottom.
Let us begin by estimating the couplings of the LZP. The ν ′RXst
(0)
R coupling, appearing in the t-
channel annihilation, is given by the overlap of the three wavefunctions (see Eq. A.23). The coupling
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of ν ′R to Z
′ KK modes, used in the s-channel Z ′ annihilation, is given by Eq. A.22. Using the
wavefunctions in Eqs. A.1, A.2 and A.13, we can show that t0R, Z
′ and Xs KK modes and (−+)
helicity of the LZP are all localized near the TeV brane. So, we expect the above couplings of the LZP
(for (−+) helicity) to have the same size as the coupling of, say, gauge KK modes to the Higgs on
the TeV brane. Evaluating the wavefunction of the gauge KK mode (see Eq. A.2) at the TeV brane,
we can show that the coupling of the gauge KK mode to the Higgs is enhanced compared to that of
zero-mode gauge bosons by ≈ √2kπrc so that we expect the above two couplings to be also ∼
√
kπrc×
4D/zero-mode gauge coupling. A numerical evaluation of the overlaps Eqs. (A.23) and (A.22) indeed
confirms this expectation. This is also expected from the CFT interpretation as explained in section
F.4. For c . −1/2, the coupling of the other (+−) helicity of the LZP to Xs and Z ′ is suppressed
since it is localized near the Planck brane (see appendix A.2).
As mentioned above, the coupling of Z ′ to the Higgs is enhanced compared to SM couplings
(see also Eq. A.12). Similarly, the coupling of tR to Z
′ is also enhanced by
√
kπrc compared to 4D
(“would-be” zero-mode) gauge coupling since both tR zero-mode and Z
′ are localized near the TeV
brane16. On the other hand, the coupling of light fermions to Z ′ is negligible since they are localized
near the Planck brane where Z ′ wavefunction vanishes. Thus, annihilation of the LZP via Z ′ exchange
is dominantly into tR and Higgs (or longitudinal W and Z).
The crucial point is that while the gauge KK modes have a mass of a few (3 − 4) TeV, their
coupling is larger than that of gauge SM couplings by a factor
√
kπrc ∼ 5 − 6: effectively the size
of the interaction is like the exchange of ∼ 500 − 600 GeV particles with SM couplings. Also, as
mentioned above, ν ′R can be naturally much lighter than gauge KK modes, with a mass of a few
hundreds of GeV. Thus, the LZP can naturally have “weak-scale” annihilation cross-sections.
We now explain what is the origin of the coupling of the LZP to the Z.
9.2 Coupling to Z induced by Z − Z ′ mixing
To identify the SM electroweak gauge bosons W and Z, we work in the insertion approximation for
the Higgs vev as follows. We first set the Higgs vev to zero and decompose the 5D W and Z into their
zero and KK modes (i.e. the mass eigenstates from the effective 4D point of view). Then, we treat
the Higgs vev as a perturbation: the Higgs vev not only gives mass to zero-modes of W and Z, but
also mixes the zero-mode of Z with KK mode of Z and Z ′. This mixing is allowed due to the fact
that the Higgs is localized on the TeV brane. It means that the physical Z (and W ) is dominantly
the zero-mode of Z, but has an admixture of KK modes of Z and Z ′. We will consider the effect of
this mixing at the lowest order, i.e., only up to O(v2). The higher order effects are suppressed by
∼ v2g2kπrc/M2KK in this case since the coupling of the Higgs to KK modes of W,Z is enhanced. Even
with this enhancement, the error in our approximation is at most ∼ O (0.1) for the KK masses we will
consider (& 3 TeV). On the other hand, the physical photons and gluons are just identified with the
zero modes.
The LZP being ν ′R does not have any direct coupling to zero nor KK modes of Z. However, a
coupling of ν ′R to the physical Z is induced via its coupling to the
[
KK mode of Z ′
]
-component of the
physical Z:
g
ν′R
Z I = −
∑
n
gZQ
H
Z v
2
m2n
g
ν′R
Z′ (n)
gH
Z′ (n)
= −
∑
n
m2Z
m2n
g
ν′R
Z′ (n)
gH
Z′ (n)
gZQHZ
, (9.3)
16Again, a numerical evaluation of the overlap of wavefunctions (Eq. A.8) confirms this expectation and this is also
expected from the CFT interpretation (section F).
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where mn is the mass of the n
th KK mode of Z ′ and gν
′
R
Z′ (n)
and gH
Z′ (n)
are the couplings of the nth KK
mode of Z ′ to the lightest ν ′R KK mode and the Higgs, respectively (see Eqs. A.22 and A.12). Also,
the charge under Z is QZ = τ
3
L −Q sin2 θW so that QHZ = ±1/2 and in the second line, we have used
m2Z = g
2
Zv
2
(
QHZ
)2
. As mentioned above g
ν′R, H
Z′ (1)
/gZ′ ∼
√
kπrc, where gZ′ ≡ g5D Z′/√πrc is the coupling
of the “would-be” zero-mode of Z ′ just as gZ = e/ (sin θW cos θW ) is the coupling of the zero-mode of
Z. This results in a coupling of ν ′R to Z ∼ gZ kπrc
g2
Z′
g2Z
× m2Z
M2KK
. Equation (A.12) for gH
Z′ (n)
assumes
that the Higgs is localized on the TeV brane and will be modified in models where the Higgs has a
profile in the bulk (see appendix B).
As mentioned above, the coupling of the (+−) helicity of the LZP to Z ′ is suppressed so that, in
turn, its coupling to Z induced by Z − Z ′ mixing is very small.
9.3 Coupling to Z induced via ν ′R − ν ′L mixing
There is another source of coupling of the LZP to Z as follows. We denote 5D Dirac KK partners of
ν ′R (from tR multiplet) and ν
′
L (from (t, b)L multiplet) by νˆ
′
R and νˆ
′
L. These have LH and RH Lorentz
chiralities, respectively – the subscript R and L denotes the fact that these are doublets of SU(2)R
and SU(2)L. There is a Yukawa coupling of ν
′
R and ν
′
L to the Higgs which is the GUT counterpart of
the top Yukawa: λt 5Hν
′
Lν
′
R (see Eq. 5.12). Note that only ν
′
R and ν
′
L, i.e. (−+) chiralities, couple to
the Higgs since νˆ ′R and νˆ
′
L ((+−) helicities) vanish on the TeV brane. This results in a ν ′R − ν ′L mass
term, denoted by mν′Lν
′
R
. Using wavefunctions of KK fermions at the TeV brane (see Eqs. A.18 and
A.19), it is given by
mν′Lν
′
R
≈


2λt 5k
v√
2
for cν′R > −1/2 + ǫ, where ǫ ∼ 0.1
2λt 5k
f
(
cν′
R
) v√
2
for cν′R < −1/2− ǫ
(9.4)
The 5D Yukawa coupling, λt 5, is related to mt as follows. Using the wavefunction of the fermionic
zero-mode (Eq. A.1), we get, with cL,R for top quark < 1/2 − ǫ,
λt ≈ 2λt 5k
f (ctL) f (ctR)
, (9.5)
where
f(c) ≈
√
2
1− 2c (9.6)
Therefore
mν′Lν
′
R
≈


mtf (ctL) f (ctR) for cν′R > −1/2 + ǫ
mt
f(ctL)f(ctR)
f
(
cν′
R
) for cν′R < −1/2 − ǫ (9.7)
In the following numerical estimates, we will use ctL ∼ 0.4, ctR ∼ −1/2 leading to 2λ5Dk ∼ 3 and also
cν′R & −1/2 (in the Pati-Salam symmetric limit, cν′R = ctR) so that mν′Lν′R ∼ 500 GeV. We get the
following mass matrix:
(
ν¯ ′R νˆ ′L
)
M
(
ν˜ ′R
ν ′L
)
with M =
(
mν′R mν
′
Rν
′
L
0 mν′L
)
(9.8)
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The mixing angles for νˆ ′R − ν ′L and ν ′R − νˆ ′L, obtained by diagonalizing M †M and MM † are denoted
θL and θR, respectively. In the limit mν′L ≫ mν′R , mν′Rν′L , we get
θL ≈
mν′Rmν
′
Rν
′
L
m2
ν′L
and θR ≈
mν′Rν
′
L
mν′L
(9.9)
Explicitly, (
ν ′1
)
L
= cos θLν˜
′
R + sin θLν
′
L(
ν ′1
)
R
= cos θRν
′
R + sin θRν˜
′
L (9.10)
where ν ′1 is the lightest mass eigenstate (i.e. the LZP). Since ν
′
R and ν˜
′
R do not couple to the Z, it is
clear that the coupling to Z induced by the above mixing is given by
g
ν′1 L,R
Z II ≈
gZ
2
sin2 θL,R (9.11)
where gZ2 is the coupling of ν
′
L and ν˜
′
L to Z. Since θR ≫ θL (for mν′R ≪ mν′L which is valid for the
ranges of c’s we consider), we will consider only the induced coupling of (ν ′1)R to Z and neglect the
coupling of (ν ′1)L. In the Pati-Salam symmetric limit, cν′L = ctL ∼ 0.4 so that mν′ (1)L ∼ 3/4πz
−1
v (same
as mass of gauge KK mode: see Eqs. (4.1) and (4.2)). So, this coupling is roughly comparable in size
to the coupling of ν ′R to Z induced by Z − Z ′ mixing.
Due to bulk GUT breaking, c for ν ′L can be > or < 1/2 even though it is in the same multiplet as
(t, b)L. Hence, ν
′
L can be heavier or lighter than 3/4πz
−1
v , resulting in a variation in the LZP coupling
to the Z.
We see that both induced Z couplings to the (+−) helicity of the LZP are small. We will consider
only the resultant Z coupling to the (−+) helicity of the LZP. We denote this coupling by gν′RZ :
g
ν′R
Z ≡ g
ν′R
Z I + g
ν′1R
Z II (9.12)
Given this LZP -Z coupling, we can estimate the cross-section for LZP annihilation via Z ex-
change into a given pair of SM fermions as σ ∼ (kπrc g2Z′m2Z/M2KK)2×m2LZP/ (m2LZP −m2Z)2, where
momentum in the Z propagator is ∼ mLZP . Clearly, for mLZP ≫ mZ , this cross-section is suppressed
by ∼ m4Z/m4LZP compared to Xs or Z ′ exchange, but for mLZP ≪ mZ , it is the dominant annihilation
channel, especially once we sum over all the SM fermions in the final state.
We can also estimate its cross-section for scattering off quarks in nuclei by t-channel exchange of
Z: σZ ∼
(
kπrc g
2
Z′/M
2
KK
)2 ×m2LZP (here Z propagator gives 1/m2Z since the exchanged momentum
is ≪ mLZP ). Since mLZP ∼ few 100 GeV, we see that direct detection cross-sections for the LZP are
of weak-scale size17.
There is also a coupling of the two chiralities of the LZP to the Higgs which will be used in
appendix E to estimate annihilation via Higgs exchange:
gH = 2λ5Dk sin θL cos θR for cν′R > −1/2 + ǫ
≈
2λ5Dkmν′Rν
′
L
mν′R
m2
ν′L
in the limit mν′L ≫ mν′R , mν′Rν′L
∼
1.5 TeVmν′R
m2
ν′L
, (9.13)
17Z′ exchange is small here since light quarks couple very weakly to Z′
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whereas for cν′R < −1/2− ǫ, we get gH = 2λ5Dk/f
(
cν′R
)
sin θL cos θR.
Clearly, both gH and g
ν′R
Z, II depend sensitively on the Higgs profile and will be modified in models
where the Higgs is the fifth component of a gauge boson A5 (see appendix B) or in Higgsless models.
Our numerical analysis will actually be done assuming that the Higgs is A5.
10. Effect of NLZP’s and coannihilation
In SUSY dark matter, the effect of NLSPs can be dramatic. For instance, the annihilation cross section
of the neutralino being helicity suppressed, if the NLSP is a scalar, the coannihilation cross section
can control the relic density of the LSP. The situation is different for the lightest KK particle (LKP) in
universal extra dimensions [30] and will be similarly different for the LZP since we are not dealing with
a Majorana particle. However, even if coannihilation does not play a major role, the effect of NLZPs
on the relic density should still be considered. Indeed, the quantity xF = m/TF ∼ 25, where TF is
the freeze-out temperature, of a weakly interacting particle is almost a constant since it depends only
logarithmically on the mass and annihilation cross section. Therefore, the freeze-out temperature of
a particle grows linearly with its mass. The NLZPs will freeze-out earlier but the question is whether
they will decay before or after the LZP freezes. If they decay before, we do not have to consider their
effect since their decay products will thermalize and the final relic density of the LZP will only depend
on the annihilation cross section of the LZP, σLZP. On the other hand, if they decay after, they will
contribute to the final relic density of the LZP by a factor given by σLZP/σNLZP (since Ωrelic ∝ 1/σrelic).
In SUSY, the annihilation cross sections of squarks and sleptons are enhanced relative to those of the
neutralino and, unless they are degenerate with the neutralino, they decay fast into it. Consequently,
if they are heavier by say 20 percent (so that coannihilation does not play any role), their effect can
be omitted. Let us check now what happens with NLZPs.
10.1 Relic density of other Z3-charged fermions
The other light KK GUT partners of tR have SM gauge interactions unlike the LZP. We estimate the
cross-sections due to zero-mode Z or gluon exchange as follows (up to factors of 2π from phase space):
σZ→ff¯ ∼
g4SMN
m2NLZP
(10.1)
These cross-sections are enhanced by a factor N ∼ 20 for Z exchange and gluon exchange due to
multiplicity of final states. In addition, NLZP’s also annihilate via s-channel Z ′ and KK Z or gluon
exchange similarly to LZP:
σKKZ,gluon,Z′ ∼
g4SM (kπrc)
2m2NLZP
M4KK
(10.2)
where it is assumed that mNLZP < MKK . Since the total LZP annihilation cross-section for LZP is of
this size, it is clear that the total annihilation cross-section of the NLZP is larger that that for LZP.
For mNLZP . N
1/4MKK/
√
kπrc, the cross-section from exchange of zero-mode Z or gluon dominates.
The smallest ratio of annihilation cross-sections of NLZP and LZP occurs for this “critical” mass and
is ∼ √N (MKK/√kπrc/mLZP )2 which is & √N since typically mLZP . MKK/√kπrc – the latter
also implies that this critical mass & N1/4mLZP .
Depending on the mass and couplings of the NLZP, its decay into the LZP occurs before or after
the LZP freezes out (but the decay can easily occur before BBN in the latter case: see section 7.4).
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Let us consider the important case when the NLZP decays after the LZP freezes out. It is clear that
for a wide range of NLZP masses, the NLZP annihilation cross-section is & 10 times that of LZP so
our relic density predictions will receive corrections . 10%. The exception is when mNLZP is close
to the critical mass and mLZP ∼ MKK/
√
kπrc in which case the relic density can be as large as
∼ 1/√N ∼ 1/4 of the LZP and a more careful study is required.
Z3-charged fermions from other multiplets are heavier (∼MKK) so that KK Z ′, Z, gluon exchange
dominates the annihilation with cross-sections much larger than LZP. This results in a very small relic
density (before their decay into the LZP). Also, we do not have to consider n = 2 level KK states
since they decay into n = 1 very fast.
10.2 Coannihilation
The only important coannihilation channel is with τ ′R, the SU(2)R partner of the LZP (from tR
multiplet) via s-channel exchange of W±R followed by mixing of W
±
R with W
±
L . Indeed, the only direct
LZP coupling to zero-mode fermion is LZP-Xs − t(0)R . Thus, coannihilation with, say, KK Q′ from tR
multiplet into tR pairs has to go through X−Xs mixing hence is suppressed (since the only coupling of
KK Q′ to zero-mode fermion is Q′− t(0)R −X). Whereas, coannihilation with, say, KK L′L from (t, b)L
multiplet can proceed via Xs exchange since there is a KK L
′
L− (t, b)(0)L −Xs coupling. However, this
co-annihilation is small because (t, b)
(0)
L has an almost flat profile thus has small overlap and coupling
with KK L′L and Xs. In any case, KK L
′
L has mass ∼MKK so that its relic density (before it decays
into the LZP) is much smaller than that of the LZP. Recall that b˜R is heavy (& 1.5 TeV ) as well as
the KK mode of tR (& 3 TeV). Moreover, they are not charged under Z3 hence decay fast into SM
states so that coannihilation with those states can also be ignored.
The coupling above results in a prompt 2-body decay of τ ′R into LZP and W
±. Therefore, unless
τ ′R and LZP are degenerate, τ
′
R decays into the LZP before the LZP freezes out so that we do not
need to consider coannihilation. If τ ′R is nearly degenerate with the LZP, coannihilation could occur.
However, this co-annihilation cross-section is of the same size as that for LZP self-annihilation via Z
exchange, hence it is smaller than the total LZP self-annihilation. Also, if τ ′R and LZP are degenerate,
the number density of τ ′R is much smaller than that of the LZP since its mass is less than the critical
mass mentioned above. For these two reasons, it makes sense to neglect co-annihilation in this first
study.
LZP
τ ′−
W ′
R
W
l−i , di
νi , ui
Figure 3: Potentially non-negligible coannihilation channel.
11. Values of gauge couplings
In order to calculate the relic density and direct detection prospects of the LZP, we need to determine
the couplings of KK modes in terms of the observed SM gauge couplings. This relation is somewhat
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non-trivial as we will show in this section. The brief summary is that couplings of KK modes (up to
overlap of wavefunctions) vary from gs to g
′ which are the QCD and the hypercharge gauge couplings,
respectively.
11.1 Gauge couplings in SO(10)
In the case of SO(10) gauge symmetry in the bulk, the three 5D Pati-Salam gauge couplings are
unified, g5 c = g5 L = g5 R ≡ g5. However, loop corrections are crucial in relating these bulk couplings
to couplings of KK and zero-modes of gauge fields as we show in what follows.
11.1.1 No bulk breaking of GUT
Let us begin with the case of no bulk breaking. At tree-level, all zero-mode SM gauge couplings are
given by g5/
√
πrc due to 4D gauge invariance
18. Couplings of KK gauge modes are also given by g5
up to factors of overlap of wavefunctions. We now study how loop corrections change this picture.
Loop corrections to couplings of gauge zero-mode and KK modes are linearly divergent. Since
divergences are short distance dominated, they can be absorbed into renormalization of local terms,
i.e., bulk gauge coupling and brane-localized couplings. Hence, the divergences appear in couplings
of gauge zero and KK modes in the same way. Bulk and TeV brane-localized divergences are SO(10)
symmetric (since SO(10) is unbroken there), whereas Planck-brane localized divergence is not. Recall
that brane-localized terms are neglected in our analysis.
The finite part of one-loop corrections to couplings of lightest KK modes are mostly universal
since KK modes are localized near the TeV brane where GUT is unbroken. We absorb all of these
finite universal corrections into renormalized g5, denoted by g5 ren. (which is therefore also universal)
so that one-loop corrected couplings of gauge KK modes are given (up to wavefunction overlaps) by
g10 ≡ g5 ren./√πrc.
In contrast, the finite one-loop corrections to zero-mode gauge couplings are log-enhanced (loops
are sensitive to Planckian cut-off’s since zero-modes span the entire extra dimension) and non-universal
(since GUT is broken on the Planck brane). These corrections will explain why low-energy measured
SM gauge couplings are non-universal as follows.
Given this, let us see if we can extract the couplings of gauge KK modes (i.e. g10) from measured
zero-mode gauge couplings which have the following form [11, 12]:
1
g24 i
=
1
g210
+
C
8π2
kπrc +
bRSi
8π2
log
k
mZ
+∆i. (11.1)
The non-universal correction with bRSi is IR dominated and therefore calculable and is roughly the
running due to loops of SM gauge zero-modes, i.e., bRS = gauge contribution to SM β-function
coefficients. This differential running is almost the same as in the SM (up to the contribution of the
Higgs in the SM which is small: running due to fermions in the SM is mostly universal). The term
with C (which can be an O(1) contribution in g−24 ), where C is given by, for example,
2
3× the Dynkin
index for bulk fermions, corresponds to finite, universal contributions (roughly from loops of KK
modes) which cannot be absorbed in g5 ren. (i.e., in g10). The point is that the finite parts of one-loop
corrections to couplings of zero-mode and KK mode are non-local (and hence are not constrained by
5D gauge invariance) and so do not have to be identical (unlike divergent parts which have to be the
same by locality and 5D gauge invariance). The C-term is calculable in this case since bulk particle
content is known (cf. next section).
18For W , Z, this is true before electroweak symmetry breaking and for γ, Z, up to weak mixing angles.
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In SU(5) or SO(10), calculable one loop non-universal corrections (from bRS) give unification
of gauge couplings to within ∼ 10%, just as in the SM: ∆i’s denote threshold-type non-universal
corrections (tree-level or loop) which can correct this discrepancy. In this case, ∆i can be due to
finite non-universal loop corrections from localizing zero-mode fermions in the bulk as follows. The
contribution to running of zero-mode gauge coupling from loops with zero-mode fermions is universal
(as in SM) since even though quark and lepton zero-modes come from different bulk multiplets, they
can be assembled into complete SU(5) multiplets. However, KK fermions within a multiplet are split
in mass due to different BC on the Planck brane19: this splitting is negligible for c > 1/2 (light
fermions with zero-modes localized near Planck brane) and O(1) for c ≪ 1/2 (for tR multiplet with
zero-mode near TeV brane) Thus, there are non-universal threshold-type corrections to zero-mode
gauge couplings from loop contribution of these KK modes with split masses [31, 32, 33]. These effects
depend on the various c parameters. Such non-universal effects from fermion loops do not contribute
to the couplings of KK modes since, for the loops to be non-universal, they have to sense the Planck
brane where GUT is broken, whereas KK modes are localized near the TeV brane.
Due to the dependency on the choice of c parameters, these ∆i’s could result in a ∼ 10% un-
certainty in extracting the renormalized 5D gauge coupling, i.e., g10, from the measured 4D gauge
coupling (see Eq. 11.1).
11.1.2 Bulk breaking of GUT
The breaking of GUT by bulk scalars in complete SO(10) representations modifies the expression for
4D gauge couplings as follows.
First, let us assume MGUT /k → 0, which means that we neglect for the moment the GUT-scale
splitting in masses of bulk fields (splitting of X, Y from SM gauge fields and also between various
components of bulk scalars which break SO(10)). We see that the contribution from loops of KK
modes of bulk scalars to the universal C-term in Eq. 11.1 depends on the unknown representation
of bulk scalar which breaks SO(10) while the part of the C-term from bulk gauge and fermion fields
is calculable. Due to this UV-sensitivity in C, there is an O(1) uncertainty in extracting g10 from
measured couplings. This is why we allow g10 to vary between, say, g
′ and gs.
Now, consider the effects of finite (small) MGUT . In [12], ∆i’s from local higher-dimensional
operators (with bulk breaking of GUT), i.e., a-term in Eq. 5.2, were invoked to achieve unification.
These are UV-sensitive and uncalculable since the representation of the bulk scalar and the coefficient
of the higher-dimensional operator are unknown. However, they are local effects which can be absorbed
into the renormalized bulk coupling, i.e., in the 1st term in Eq. 11.1. This is clearly seen from Eq.
5.220. The point is that these effects enter identically in couplings of zero and KK modes so that they
do not affect the extraction of g10 from measured gauge couplings.
As mentioned in section 7.5, there are also finite non-universal loop corrections of size∼ Ckpirc
8pi2
M2GUT
k2
in zero-mode gauge coupling due to GUT-scale splitting in 5D masses. For example, X,Y have 5D
mass MGUT so that KK modes are not exactly degenerate with SM KK modes. Similarly, there are
O (MGUT ) splittings in 5D masses for the various components of the bulk scalar which breaks GUT.
As usual, these lead to UV-sensitive corrections. For MGUT < k, these loop corrections are smaller
than the bRS terms and can be incorporated in ∆i’s in Eq. 11.1.
19For c > 1/2, spectrum of (++) KK fermions is given by mnzv ≈ zeroes of Jc−1/2 ≈ π (n+ c/2− 1/2), where
the last formula is valid for mnzv ≫ 1, whereas, for −1/2 < c < 1/2 − ǫ (where ǫ & 0.1), we get mnzv ≈ zeroes of
J−c+1/2 ≈ π (n− c/2), where the last formula is valid for mnzv ≫ 1. Compare this to the spectrum for (−+) fermions
in section A.2.
20So, strictly speaking, g5 ren. or g10 differ by ∼ 10% between the various subgroups of SO(10). We neglect this effect.
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Bulk GUT breaking being present near the TeV brane as well, these effects are also present in
the couplings of KK modes. However, they are non-local and so do not enter in the same way in
the corrections to couplings of zero-modes and KK modes. Just like the universal C term in Eq.
11.1, these loop corrections (and this contribution to ∆i’s) cannot be completely absorbed into g5 ren.
(i.e., into g10)
21. Thus, recalling that these ∆i’s are UV-sensitive, they result in an additional ∼ 10%
uncertainty in extracting g10 from the measured 4D gauge coupling.
11.2 Gauge couplings in Pati-Salam
In Pati-Salam, the 5D SU(4)c (and hence the Xs) gauge coupling is independent of the SU(2)R (and
hence the Z ′) bulk gauge coupling. Annihilation of the LZP depends on both gauge couplings, whereas
its direct detection (via its induced coupling to Z) depends only on the latter and on the mass of ν ′L
from (t, b)L multiplet as explained in section 9.3.
It is clear that at tree-level, the three bulk gauge couplings (g5 c, g5L and g5 R) are fixed by the
three measured SM gauge couplings. The analysis of loop corrections can be done in a way similar to
the SO(10) case. We start with the case of no bulk breaking. As before, divergences in loop corrections
to couplings of KK and zero-modes of gauge fields are identical and can be absorbed into renormalized
bulk and brane couplings, but these divergences, both bulk and brane-localized, are non-universal,
unlike in SO(10). The finite loop corrections to couplings of KK modes are also non-universal for
the same reason. As before, we absorb divergences and finite loop corrections to couplings of KK
modes into the three gi5 ren.. As far as zero-mode gauge couplings are concerned, the b
RS contribution
(roughly from SM gauge zero-modes) is like in SO(10). However, the finite O(1) correction in 4D
gauge couplings which cannot be completely absorbed into g5 ren., i.e., the C-term in Eq. 11.1 is
also non universal since gauge KK modes are not in complete SO(10) or SU(5) multiplets, but this
contribution is calculable as before since the bulk gauge and fermionic content is known.
With bulk breaking of Pati-Salam, like in the case of SO(10), the O(1) contribution to C-term
from bulk scalars which break Pati-Salam depends on their unknown representations, but the crucial
difference is that this contribution is non universal since the bulk scalars need not be in complete
SO(10) multiplets. As before, due to this O(1) UV-sensitivity of C-term, there is O(1) uncertainty in
extracting g5 ren. from measured gauge couplings. The difference from SO(10) is that this uncertainty
is not a uniform effect in all gi5 ren. Thus, we independently vary each of the three analogs of g10
between g′ and gs (just as we varied g10 in the case of SO(10)).
11.3 5D strong coupling scale
So far, we discussed the size of finite one-loop effects. We found that finite universal effects, namely
the C term (which is roughly the contribution from KK modes in the loop) can be comparable to
the tree-level effect in g24 (see Eq. 11.1). This implies that we need the 5D cut-off Λ to be not much
larger than k. Otherwise, the linearly divergent loop effect which is larger than the finite effect (again,
this effect is mainly from KK modes and was absorbed into g5 ren.) will be larger than the tree-level
contribution and perturbation theory breaks down completely. The problem with Λ ∼ k is that the
5D effective field theory (or KK) description is no longer valid.
Let us consider this issue in more detail by estimating the 5D strong coupling scale, Λstrong, i.e.,
the scale at which the size of the divergent loop contribution becomes as large as the tree level one.
21unlike the contribution from higher-dimensional operators. As usual, the non-universal corrections to couplings of
KK modes can be absorbed into g5 ren. which then differ by ∼ 10% between various subgroups of SO(10).
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Of course, the maximal allowed cut-off scale is also Λstrong. To obtain Λstrong, we equate the tree-level
1/g25D to its one-loop correction (see, for example, [34]):
1
g25D
∼ 2× 2× 2/3 × 10Λstrong
24π3
where we have considered the contribution of bulk fermions since, due to the large number of bulk
matter multiplets, we expect the fermion effect to be large22. Here, we have included factors of 2/3
for fermions, 2 for 5D or Dirac fermions, another 2 for the Dynkin index of the 16 and finally 24π3 for
the 5D loop factor. We assumed a total number of ten bulk 16’s.
Using k g25D ∼ g24D × log(MP l/TeV ), we get Λstrong ∼ 1.5 k, which is close to, but a bit larger
than k. The contribution from gauge fields in the loop is also of the same order and tends to cancel
the fermion contribution. Also, there are O(1) uncertainties in the value of Λs (the above is just an
estimate). Thus, the strong coupling scale and the cut-off scale can be a factor of 2 or so larger (but
not more) than k so that the 5D effective field theory description is valid (see [33] for more details).
The point is that, in order to be able to neglect the effect of the exchange of new states at the cut-off
scale in our cross section calculations (compared to KK exchange), it is clear that the cut-off states
should be heavier than KK scale, i.e. there should be a gap between k and the 5D cut-off. Since the
cross-sections are typically ∝ 1/M4, where M is the mass of the exchanged heavy particle, the effect
of cut-off states is suppressed by O(10) even for a small gap of ∼ 2.
12. Dark matter relic density
We now have all ingredients at hand to make a detailed calculation of annihilation cross sections. We
are going to present our predictions assuming the following:
• The LZP indeed comes from the multiplet with tR. There is still a possibility that it comes from
the multiplet with (b, t)L. The reason is that the c for (t, b)L is ∼ 0.3 − 0.4 while, at the same time,
it is not excluded that c for tR is ∼ 0 rather than −1/2 . So, if we allow for splitting ∆c up to 0.5,
it may happen that the KK RH neutrino in the (t, b)L multiplet has a (negative) c which is smaller
than the c’s of the (−+) fermions in the tR multiplet. This is a possibility we do not investigate here.
• We ignore coannihilation effects as well as the NLZP’s contribution to the final relic density as
argued in section 10.
• We assume there is no asymmetry between LZPs and anti-LZPs, at least before freeze-out.
The total dark matter energy density is given by Ωh2 = (nLZP + nLZP)mLZP/ρc so that the effective
annihilation cross section σ in Eq. 9.1 corresponds to 12σν′Rν
′
R→SM .
We evaluated all diagrams presented in Fig. 2. Expressions for the cross sections are given in
appendix D. We fixed the Higgs mass to mh =500 GeV but our results do not depend sensitively on
mh. We looked at the two cases MKK = 3, 6 TeV. For each case, a range of values for the LZP–Z
coupling is obtained by varying c of ν ′L from (t, b)L multiplet (see section 9.3). We allow g10 to be a
22Note that the differential running (thus gauge coupling unification) is not modified from that in the SM due to these
large number of bulk multiplets since the KK modes from these multiplets are in complete SU(5) multiplets, whereas
the zero-modes are exactly the SM particles.
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free parameter which we vary between g′ and gs. The origin of the uncertainty on g10 is explained
in 11.1.2. For mLZP < MZ/2, the LZP-Z coupling is in principle constrained by the invisible partial
width of the Z:
ΓinvZ→ν′Rν′R =
g
ν′R
Z
2
√
1− 4m2LZP
MZ
2
(−2m2LZP +MZ2)
24πMZ
. 1.5 MeV (12.1)
Such a bound is almost always satisfied. It is only in the very narrow region with g10 = gs and
MKK = 3 TeV that this constrains cν′L to be & 0.3.
Figure 4 shows the relative sizes of the various contributions to the total annihilation cross section
for a typical choice of parameters.
To summarize, we obtain the correct relic density for the LZP for a wide range of masses from 10
GeV to 1 TeV.
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Figure 4: The different annihilation channels evaluated at the freeze out temperature, for a typical choice of
parameters, namely, mKK = 3 TeV, ctR = −1/2. “f” denotes all SM fermions except top and bottom.
13. Direct detection
WIMP dark matter can be probed directly via its elastic scattering off nuclei in underground detectors.
Several groups are presently carrying out direct searches for galactic halo WIMPs through their elastic
scattering off target nuclei. In the absence of positive signal, these experiments set limits on the
properties of WIMP dark matter (given some assumptions on halo properties and the local dark
matter distribution). Experiments such as CDMS or Edelweiss are now able to probe WIMP-nucleon
cross sections of order 10−7 pb and therefore put constraints on the parameter spaces of various DM
candidates. The most stringent constraints come from spin-independent interactions. In particular,
any WIMP with a large coupling to the Z gauge boson is severely constrained.
In a significant region of parameter space, our LZP has a large coupling to the Z as detailed in
subsections 9.2 and 9.3. Consequently, as is shown in Fig. 7, its entire parameter space should be
tested in near future experiments. The elastic scattering cross section is an important quantity as it
also controls the rate at which particles accrete into the Earth and the Sun and so determines the
signal in the indirect detection experiments as we will see in section 14.
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13.1 Elastic scattering cross section
There are actually three potential diagrams contributing to elastic scattering: t-channel Z, Z ′ or Higgs
exchanges as illustrated in Fig. 6. The Z ′ exchange is smaller than the Z exchange since the coupling of
q q
ν ′ ν ′
Z0
q q
ν ′ ν ′
h
q q
ν ′ ν ′
Z ′
Figure 6: Three diagrams potentially contributing to the elastic scattering cross section between the LZP and
a quark. Effectively, only the Z0 exchange contributes significantly.
light quarks to Z ′ KK modes is small and the mass of Z ′ is at least 3 TeV. Finally, the Higgs-exchange
is suppressed by the small ‘Yukawa’ coupling of nucleons. We checked numerically that the last two
contributions are indeed negligible. In the following, we will focus on the Z exchange. Note that it
leads to a spin-independent (SI) interaction in contrast with supersymmetric dark matter where the
Majorana nature of the neutralino makes the Z-exchange contribute only in the much less constrained
spin-dependent interactions. Given the “weak” but “not so weak” coupling of the LZP to the Z, we
obtain an elastic scattering cross section for the LZP which is larger than that of the typical LSP in
supersymmetry or of the LKP in models with universal extra dimensions [25]. We detail below the
calculation.
The 2-body cross section (1 + 2→ 3 + 4) may be written as (p1cm is the momentum of particle 1
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in the center of mass frame)
dσ
dq2
=
1
64πs
1
|p1cm|2 |〈M〉|
2 with p1cm =
p1lab m2√
s
(13.1)
|〈M〉|2 is the matrix element squared in a nuclear state, summed over final states and averaged over
initial states. Assuming particle 1 is the LZP and particle 2 is the nucleus, we get
|p1cm|2s = p21lab m22 = m2LZPv2m2N and
dσ
dq2
=
|〈M〉|2
64πv2m2LZPm
2
N
(13.2)
The elastic scattering cross section at zero momentum transfer, σ0, is defined as
dσ
dq2
≡ σ0
4µ2v2
F 2(q2) where F 2(q2 = 0) = 1 and µ =
mLZPmN
mLZP +mN
(13.3)
F 2(q2) is the nuclear form factor and µ the reduced mass. Thus,
σ0 ≡
|〈M〉|2q2=0
16π(mLZP +mN )2
(13.4)
In the calculation of |〈M〉|2, we only keep the dominant contribution due to t-channel Z exchange. In
the non-relativistic limit, q2 ≪ m2Z , the corresponding effective lagrangian at the quark level reads:
g
ν′R
Z
4m2Z
[
uLZPγ
µuLZP + uLZPγ
µγ5uLZP
]× [(gqL + gqR)uqγµuq + (gqR − gqL)uqγµγ5uq] (13.5)
where
guL =
(12 − 23 sin2 θW )e
sin θW cos θW
guR =
(−23 sin2 θW )e
sin θW cos θW
gdL =
(−12 + 13 sin2 θW )e
sin θW cos θW
gdR =
(13 sin
2 θW )e
sin θW cos θW
The next step is to evaluate matrix elements in a nucleon state. Given the fact that 〈uqγiuq〉 ≈ 0 and
〈uqγ0γ5uq〉 ≈ 0, the effective four-fermion interaction reduces to :
g
ν′R
Z
4m2Z
([
uLZPγ
0uLZP
] [
(gqL + g
q
R)uqγ0uq
]
+
[
uLZPγ
iγ5uLZP
] [
(gqR − gqL)uqγiγ5uq
])
(13.6)
The first term will contain the operator 〈uqγ0uq〉 = 〈u†quq〉 which simply counts valence quarks in the
nucleon. This part of the vector interaction is coherent. We then sum over nucleons in the nucleus.
The second term leads to a spin-dependent (SD) interaction. We obtain:
|〈M〉|2SI =
8 m2LZP × 4 m2NSSI(q) 4π × b2N
2 (2J + 1)
(13.7)
|〈M〉|2SD =
4 m2LZP × 4 m2NSSD(q) 8π
2 (2J + 1)
(13.8)
bN = Zbp + (A− Z)bn , bp =
g
ν′R
Z e (1− 4 sin θW )
8M2Z sin θW cos θW
and bn = −
g
ν′R
Z e
8M2Z sin θW cos θW
(13.9)
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SSI(q) and SSD(q) are the nuclear form factors defined as SSI(q) = (2J + 1)F
2(q)/(4π) and SSD(q) =
(2J + 1)Λ2J(J + 1)F 2(q)/π [35]. The coefficient Λ depends on the spin J of the nucleus, 〈Sp〉 and
〈Sn〉 the parts of the nucleus’ spin carried by protons and neutrons.
Λ =
ap〈Sp〉+ an〈Sn〉
J
, ap,n =
∑
u,d,s
b′q∆
(p,n)q , b′q =
g
ν′R
Z (g
q
R − gqL)
4M2Z
(13.10)
As a result:
σSI0 =
µ2b2N
π
=
(
g
ν′R
Z
)2
µ2e2
64πm4Z sin
2 θw cos2 θw
[
Z(1− 4 sin2 θw)− (A− Z)
]2
(13.11)
σSD0 =
4µ2Λ2J(J + 1)
π
(13.12)
From now, given the fact that experiments are carried on heavy nuclei such as germanium for instance,
we will ignore the SD contribution which is smaller than the SI one by a factor 1/(A − Z)2.
13.2 WIMP-nucleon cross section
The SI cross-section data is commonly normalised to a single nucleon to compare results from different
experiments (which use different target nuclei). For sufficiently low momentum transfer, and assuming
that the WIMP has the same interaction for protons and neutrons, the A scattering amplitudes add
up to give a coherent cross section ∝ A2. Therefore, experimentalists express their bound in terms
of the WIMP-nucleon cross sections, using this A2 scaling. We follow this convention in our Fig.
7. However, the WIMP has typically diffferent interactions between protons and neutrons and the
experimental bound has to be interpreted with a bit of care. This is the case of Dirac neutrinos (like
our LZP), where the interactions to protons is suppressed by (1 − 4 sin2 θW )2 and the interaction is
essentially due to neutrons. So, in order to obtain the WIMP-nucleon cross section, one should rather
use the scaling (A−Z)2. To interpret data, one should also keep in mind that experimental limits use
the prevailing convention of assuming that the local halo density of dark matter is 0.3 GeV/cm3, and
that the characteristic halo velocity v0, is 220 km s
−1 and the mean earth velocity vE is 232 km s−1.
Some uncertainties are associated with these numbers.
The nucleon-WIMP cross section is defined as
σp,n = σ0
µ2p,n
µ2A
Cp,n
CA
, µA =
mχmA
mχ +mA
, σ0 ∝ µ2ACA (13.13)
µp,n =
mχmp,n
mχ +mp,n
≈ mp,n (13.14)
For a scalar interaction involving a Z exchange, CA = (Z(1 − 4 sin2 θW ) − (A − Z))2. Then, using
sin2 θW = 0.23120
Cp = (1− 4 sin2 θW ) = 0.0752≪ 1 and Cn = 1 (13.15)
which leads to
σn = σ0
m2p
µ2
(1− 4 sin2 θW )2
(Z(1− 4 sin2 θW )− (A− Z))2
(13.16)
σp = σ0
m2p
µ2
(1− 4 sin2 θW )2
(Z(1− 4 sin2 θW )− (A− Z))2
≈ 5.65 × 10−3σn (13.17)
As can be seen in Fig. 7, the LZP-nucleon cross section is large (& 10−10 pb) so that our models
will be tested in the near future.
– 36 –
10
-9
10
-8
10
-7
10
-6
10
-5
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
3 TeV
4 TeV
10 TeV
5 TeV
g10
s
n-
LZ
P 
(pb
)
(sp
in-
ind
epe
nd
ent
)
10
-9
10
-8
10
-7
10
-6
10
-5
0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
3 TeV
4 TeV
10 TeV
6 TeV
g10
s
n-
LZ
P 
(pb
)
(sp
in-
ind
epe
nd
ent
)
Figure 7: Predictions for σn,LZP . The left plot has been derived assuming that the Higgs is localized exactly
on the TeV brane and for mKK =3, 4, 5, 10 TeV. The right plot corresponds to the case where the Higgs is
the fifth component of a gauge boson (i.e., a PGB) with a profile in the bulk given by Eq. (B.1). Those two
cases lead to significantly different LZP–Z couplings. Indeed, both the Yukawa coupling of the Higgs to ν′L and
ν′R and the Z − Z ′ mixings are modified by the profile (see sections 9.2 and 9.3). We see that the precise value
of the LZP–Z coupling (which will vary from one model of EW symmetry breaking to another) is crucial for
event rates at direct detection experiments. At least, models with the Higgs localized on the TeV brane are
quite constrained here. The horizontal line indicates the experimental limit [36] which only applies to a range
of WIMP masses.
14. Indirect detection
Indirect dark matter searches consist in looking for products of dark matter annihilation including
gamma-rays, positrons, anti-protons and neutrinos. Such signal would come from regions where the
dark matter density is large, like in the center of the galaxy. One difficulty is that the expected flux
depends very sensitively on the dark matter profile at the galactic center, something which is still poorly
known. We also expect that WIMPs annihilate in the Sun and the Earth, in which case, uncertainties
in their distribution are much more under control. We focus on this signal in the following.
When equilibrium is reached between the rate C⊙ at which WIMPs are captured in the Sun
(determined by the WIMP-nucleus elastic scattering cross section) and the annihilation rate A⊙, the
annihilation rate in the Sun is maximized and given by [37]
Γ =
1
2
C⊙ tanh2
(√
C⊙A⊙ t⊙
)
(14.1)
where t⊙ ≃ 4.5 billion years. The equilibrium condition is
√
C⊙A⊙t⊙ ≫ 1. A⊙ is given by
A⊙ =
〈σv〉
Veff
where Veff = 5.7 × 1027cm3
(
100GeV
mWIMP
)3/2
(14.2)
Since we have a large elastic scattering cross section (much larger than the LSP in SUSY and LKP in
UED) we anticipate interesting signals. However, remember that the Sun is mainly made of protons
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and scattering of the LZP with protons is suppressed. Fortunately, interactions with helium should
provide observable signal. The capture rates for spin-dependent and spin-independent interactions are
given by [37]
C⊙SD ≃ 3.35 × 1020 s−1
(
ρlocal
0.3GeV/cm3
)(
270 km/s
v¯local
)3( σH,SD
10−6 pb
)(
100GeV
mLZP
)2
(14.3)
C⊙SI ≃ 1.24× 1020 s−1
(
ρlocal
0.3GeV/cm3
)(
270 km/s
v¯local
)3(2.6σH,SI + 0.175σHe,SI
10−6 pb
)(
100GeV
mLZP
)2
(14.4)
ρlocal is the local DM density. v¯local is the local rms velocity of halo DM particles. σH,SD and σH,SI are
the spin-dependent and spin-independent, LZP-on-proton (hydrogen) elastic scattering cross sections,
σHe,SI is the spin-independent, LZP-on-helium elastic scattering cross section. The SI cross sections
are trivially obtained from Eq. 13.11:
σH,SI =
(
g
ν′R
Z
)2
e2µ2H(1− 4 sin2 θ)2
64πM4Z sin
2 θ cos2 θ
, σHe,SI =
(
g
ν′R
Z
)2
e2µ2He
(
2(1 − 4 sin2 θ)− 2)2
64πM4Z sin
2 θ cos2 θ
(14.5)
where µH,He = mLZPmH,He/(mLZP +mH,He). It is clear that σHe,SI dominates by a factor 10
4. The
SD interaction (see Eq. 13.12) is given by
σH,SD =
3 µ2HΛ
2
π
, Λ = ap , ap =
e g
ν′R
Z
8M2Z cos θ sin θ
[−∆u+∆d+∆s] (14.6)
where ∆u = 0.78 ± 0.02, ∆d = −0.48 ± 0.02 and ∆s = −0.15 ± 0.02 [38] are the spins carried by
the quarks u, d, s respectively in the proton. In fig. 8, we have plotted σHe,SI , σH,SD. In fig. 9, we
plotted
√
C⊙A⊙t⊙ evaluated at 〈σanni v〉 ≈ 1 pb, the value of the annihilation cross section leading to
the correct relic density. This shows that throughout the parameter region leading to the ideal relic
density, the Sun always reaches equilibrium between the LZP capture and annihilation. The event
rate and prospects for indirect detection will be provided elsewhere [39].
Figure 8: Values of σHe,SI σH,SD for mKK = 3 TeV (red) and mKK = 6 TeV (blue). Each region is obtained
by varying cν′
L
in the range [ctR − 0.5, ctR + 0.5].
15. Collider phenomenology
A very exciting aspect of these models is the potential for discovery of KK modes at colliders. This is to
be contrasted with previous studies carried out in Randall-Sundrum background, where the emphasis
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Figure 9:
√
C⊙A⊙t⊙ evaluated at 〈σanni v〉 = 1 pb. We see that it is always larger than 1, meaning that
equilibrium between capture and annihilation is reached in the Sun.
has been on (++) type of boundary conditions, in which case it might be difficult to produce KK
modes at the LHC since the KK masses have to be larger than 3 TeV. In our SO(10) model, as we
already emphasized in section 4, all KK modes in the multiplet with t
(0)
R (except KK modes for tR
itself) are expected to be light because they have (−+) BC as well as c close to −1/2. Since the
splittings in c are unknown, we will take these masses to be free parameters. Another interesting
aspect is that most of the Z3-charged fermions from the tR multiplet cannot decay very easily. The
reason is that they have to eventually decay into the LZP (and SM particles, i.e., zero-modes) and, in
this multiplet, only tR has zero mode. As a result, these decays have to go through a certain number
of virtual states. This leads to very distinctive signatures which we will present in this section.
We repeat that KK modes of (−+) gauge bosons might be too heavy to be significantly produced
at the LHC (MKK & 3 TeV). Similarly, (−+) KK fermions coming from other multiplets (with c & 0)
and (++) KK fermions are considered too heavy. For instance, t
(1)
R in the multiplet we are interested in
is heavy. Actually, a detailed calculation would be required to determine whether the strong coupling
of heavy KK modes can compensate for the large mass suppression in the production cross-section. In
contrast, colored light KK modes from tR multiplet (with a mass . 1 TeV) will be copiously produced
at the LHC.
Before discussing collider signatures, let us mention that we do not expect any experimental
constraint coming from the additional U(1)B gauge boson. As said earlier, we couple it to a Planckian
vev on the UV brane. This mimics (−+) BC to a good approximation. The coupling of light fermions
to KK modes of U(1)B is negligible compared to the 4D would-be’ zero-mode U(1)B gauge coupling
since light fermions are localized near the Planck brane where U(1)B KK modes effectively vanish
23.
Whereas, the coupling of tR to U(1)B KK modes is enhanced by
√
kπrc compared to 4D gauge coupling
since both tR zero-mode and U(1)B KK modes are localized near the TeV brane. Also, the U(1)B KK
modes do not mix with zero-mode of Z (unlike Z ′ KK modes) since the Higgs does not carry B. Thus,
we see that KK masses of ∼ few TeV for U(1)B gauge boson are not constrained by current data.
It is clear that in the absence of GUT bulk breaking, SU(2)L-charged KK modes in the tR multiplet
such as b′L, t
′
L, ν
′
τ,L and τ
′
L decay very slowly (see section 7.3). Thus, they will cross the detector and
those which carry an electric charge will easily be detected due to their CHAMP (stable charged
massive particles)-like signatures. Colored particles hadronize and what is detected is some charged
KK meson made of a light quark and a KK b′L or t
′
L. In the presence of GUT bulk breaking of the
23A numerical evaluation of overlap of wave functions confirms that this coupling has the same size as the Yukawa
couplings.
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unified gauge symmetry, SU(2)L-charged KK modes can decay due to X
′ −XS mixing (see Fig. 12).
The size of this mixing will depend on the profile of the GUT breaking scalar Σ in the bulk. If this
mixing is too small then decay will take place outside the detector. On the other hand, if Σ has a flat
profile, the mixing is large and the decay easily takes place in the detector, although the lifetime is
quite sensitive to the mass splitting (as shown in section 7.4). This situation leads to very interesting
signatures. We now list all the decays which are illustrated in Fig.10 and 11:
tR
tR
W−R W−
W+R W+
q, e−
q, e+
g, γ, Z
⇒ 4 W + 2 b
b˜R
b˜R
q, e−
q, e+
g, γ, Z
b˜R
b˜R
W+
W−
tL
tL
⇒ 4 W + 2 b
q, e−
q, e+
g, γ, Z
b˜R
b˜R
H
H
bL
bL
tR
tR
LZP
LZP
LZP
LZP
t′
L
t
′
L
X ′ Xs
X ′∗
X∗s
=⇒ 2 W + 2 b + ET
q, e−
q, e+
g, γ, Z
W−
W+
b′
L
b
′L t
′
L
LZP
LZP
t′L
X ′ Xs
X ′∗ X
∗
s
tR
LZP
LZP
tR
=⇒ 4 W + 2 b + ET
q, e−
q, e+
g, γ, Z
d
u
W− b
′
L
tL′
W−
tL′
LZP tR
LZP
LZP
tR
LZP
X ′ Xs
X ′∗ X
∗
s
⇒ 3 W + 2 b + ET
Figure 10: Production of KK quarks
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q, e−
q, e+
τ−′R
τ+′R
LZP
LZP
W+
W−R
γ, Z
W−
W+R
⇒ 2 W + ET
τ−′L
τ+′L
W+
W−
ν ′
L
ν ′
L
tR
X ′∗ X
∗
s
tR
LZP
LZP
tR
XsX ′
tR
q, e−
q, e+
=⇒ 6 W + 4 b + ET
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Z
ν ′
L
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X ′∗
X∗
s
X ′ Xs
LZP
tR
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LZP
⇒ 4 W + 4 b + ET
d
u
W−
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τ−′L
ν ′L
tR
ν ′L
tR
tR
LZP
LZP
tR
X ′∗ X
∗
s
X ′ Xs
⇒ 5 W + 4 b + ET
Figure 11: Production of KK leptons. ν′L refers to ν
′
τ,L.
b˜R → bLH, tLWlong.
b˜R → tRW− via WR-WL mixing
t′L → tR ν ′R ν ′R via X ′-Xs mixing
b′L → tR ν ′R ν ′RW− via X ′-Xs mixing
τ ′−R → ν ′RW− via WR-WL mixing
τ ′−L → ν ′R tR tRW− via X ′-Xs mixing
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ν ′τ,L → ν ′R tR tR via X ′-Xs mixing
The effective couplings of t′L to ν
′
R and ν
′
L to tR due to X
′ −Xs mixing are
gν′R,t
′
L,Xs
=
g10√
2
√
kπrc ×Fν′R,t′L × PR ×MX′−Xs (15.1)
gν′τ,L,tR,Xs = gν
′
R,t
′
L,Xs
×
Fν′τ,L,tR
Fν′R,t′L
(15.2)
MX′−Xs ∼
M2GUT
M2KK
kλ5
v
Λ
(15.3)
The F ∼ 1 are the form factors reflecting the overlap between the wave functions. PR is the projector
X ′ Xs
〈Σ〉 〈Σ〉
〈h〉 〈h〉
W±R W
±
L
Figure 12: Diagrams leading to X ′ −Xs and W±R −W±L mixings.
to remind that we focus on only one chirality, i.e., (−+) of the LZP (the other chirality is localized
near the Planck brane and its coupling to Xs is suppressed). MX′−Xs is the mixing factor due to the
GUT breaking vev of the bulk scalar field Σ. MGUT /MKK . 1/5 is a measure of bulk GUT breaking.
kλ5 ∼ O(1), v is the Higgs vev and Λ ∼ 10 TeV is the cut off on the IR brane.
The coupling of b˜R to the Higgs and (t, b)L is λt 4Df (cR) (see section 7.1). The effective couplings
of τ ′−R to W
− and b˜R to W− due to WR −WL mixing resulting from EW symmetry breaking are:
gν′R,τ
′−
R ,W
− =
g10√
2
√
kπrc ×Fν′R,τ ′R × PR ×MWR−WL (15.4)
gb˜R,tR,W− = gν′R,τ
′−
R ,W
− ×
Fb˜R,tR
Fν′R,τ ′−R
(15.5)
MWR−WL =
g10
g
√
2kπrc
M2W
M2KK
(15.6)
Again, the projector expresses the fact that only one chirality of the LZP has a non-suppressed coupling
to WR. Note that, in contrast, the direct interactions of our (−+) KK fermions to zero-mode gauge
bosons, as shown in the production process in the figures, are vector-like. This is because zero-mode
gauge bosons have a flat profile (unlike KK modes) and couple identically to both chiralities of KK
fermions.
16. Baryogenesis
16.1 Relating dark matter to the baryon asymmetry
Since our colorless dark matter particle carries baryon number, it is very tempting to investigate
whether the origin of the apparent matter-antimatter asymmetry of the universe is that antimatter is
stored in dark matter. In other words, in a universe where baryon number is a good symmetry, the
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negative baryonic charge would be carried by DM, while the equal and opposite baryonic charge would
be carried by ordinary SM quarks. This would provide a beautiful common explanation for these two
major cosmological puzzles.
Imagine that an asymmetry between ν ′R and ν ′R is created due to the CP-violating out of equi-
librium decay of KK gauge boson X ′: X ′ does not carry baryon number but decays into the LZP and
an anti-top quark. The resulting asymmetry between the LZP and LZP (chosen to be negative) is
equal to the asymmetry between the quark and antiquark. Consequently, dark matter would store the
overall negative baryonic charge which is missing in the visible quark sector24. The calculation of the
relic density of dark matter is now quite different. It does not depend directly on the calculation of
the annihilation cross section of the LZP but rather on the abundance of X ′ at the time of its decay.
Indeed, in the out-of equilibrium decay scenario, Yasym ∼ ǫ YX′/g∗ where Yasym is (nLZP − nLZP )/s,
YX′ = nX′/s is the relic abundance X
′ would have today if it had not decayed, s is the entropy density,
g∗ is the number of relativistic degrees of freedom at the time of the decay and ǫ denotes CP-violation
in the decay of X ′.
It is well-known that to explain the baryon asymmetry of the universe from an out of equilibrium
decay, it is necessary that the decaying particle be overabundant. That is for instance what is required
in leptogenesis where one needs the RH neutrino to be out of thermal equilibrium so that its number
density can be large. The problem with the X ′ particle is that it has large gauge interactions and
therefore large annihilation cross sections (via the s-channel gluon exchange) and, if we assume that
it was at thermal equilibrium initially, then it will not be overabundant after freeze-out.
Remember that X ′ would freeze out at a temperature TF ∼ mX′/xF where xF ∼ 25 so for
mX′ &3 TeV, TF & 120 GeV. Then, the only situation we can consider is that the reheat temperature
of the universe is below the “would-be” freeze-out temperature of X ′ and assume that X ′ is produced
non thermally and abundantly at the end of inflation. The thermal history is poorly known in RS1
geometries [41] and we are unable at this point to make any more precise statement. However, assuming
that X ′ is indeed overabundant, there is a potentially interesting mechanism for relating dark matter
and the baryon asymmetry as follows.
Baryon number conservation leads to 13(nLZP − nLZP) = nb − nb. Therefore,
1
3
Yasym ≈ nb
s
∼ 10−10 (16.1)
where in the last step we have assumed that annihilation of baryons with antibaryons after the pro-
duction of the asymmetry is efficient enough so that the left over nb are negligible compared to the
excess of baryons. What we have to ensure is that X ′ decays out of equilibrium, but before the baryons
stop annihilating so that the relic density of baryons is indeed given by the asymmetry. X ′ can decay
because of the mixing with Xs (see Fig. 12) and the size of this mixing depends on the size and profile
along the extra dimension of the vev of the scalar Σ which breaks SO(10) in the bulk. Thus, it is
possible that the above condition on the decay of X ′ is satisfied.
If the LZP and anti-LZP can annihilate sufficiently after the X ′-decay, then the only dark matter
left is given by the asymmetry, i.e., YDM = Yasym. Clearly, we need a large LZP annihilation cross
section for this to happen. This will occur when the LZP annihilation takes place near the resonances
(see Figs. 4 and 5). In the case that only the excess of anti-LZPs remain, since ρDM ≈ 6 ρb and
ρDM = mLZPYasyms = 3mLZPYbs, we obtain that
mLZP ≈ 2 GeV. (16.2)
24While this paper was being finalized, reference [40] appeared which has a comparable idea.
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This mass is not near a resonance so that, within our strict framework, we cannot guarantee that
DM is just given by the LZP asymmetry. Increasing the LZP-Z coupling is a way to increase the
annihilation cross section. Note that such a low mass is not constrained at all by direct detection
experiments. However, there are constraints from the Z width. It is quite clear from Fig. 5 that even
for the largest allowed LZP-Z coupling, the relic density of a 2 GeV LZP is still too large by two orders
of magnitude.
So, one has to modify the model in such a way to increase the annihilation cross section at LZP
masses ≈ 2 GeV. There could be additional annihilation channels playing a role even for small LZP
masses. It might be possible to open the annihilation channel via the Higgs exchange. An alternative
would be to assume that the reheat temperature is quite low . O(1 GeV) so that the LZP never reaches
thermal equilibrium and its initial abundance is suppressed. This solves the problem of overclosure of
the universe by LZPs. We still have to guarantee a large enough annihilation cross section of the LZP
for the validity of Eq. 16.2.
Away from the regions where the annihilation cross section is large (> 1 pb), we can neglect the
effect of the asymmetry on the relic density of dark matter and the relation between ΩDM and Ωb is
less straightforward.
Note that we did not consider the decay of Xs because it has too large couplings to tR and the
LZP so that it would not decay out of equilibrium.
Finally, because of Z3 conservation, the LZP cannot annihilate with itself into a SM final state
(it can annihilate only with the anti-LZP). Thus, there is no annihilation diagram of the simple form
LZP LZP → A + B where A and B are SM particles leading to the transfer of baryon number from
the dark sector to the visible sector (hence washout of the baryon asymmetry)25. Processes such as
LZP LZP → anti-LZP + SM are allowed by the Z3 symmetry: a detailed study would be required to
see if they can lead to significant washout of the baryon asymmetry or not.
16.2 GUT baryogenesis at the TeV scale
We now turn to a very different idea. In this paper, we mainly talked about the model with gauged
baryon number. However, we stressed in subsection 6.2 the fact that proton stability can be guaranteed
by assuming lepton number symmetry instead of baryon number. This is actually an economical
solution since it also forbids dangerous lepton number violation due to Majorana masses on the TeV
brane. Unfortunately, there is no DM particle in this case. An intriguing feature of this model though
is the possibility to observe baryon number violation at colliders, for instance via the production of
(perhaps off-shell) KK X gauge boson which then decays into u and d quarks, violating B.
We now want to expose some potentially interesting baryogenesis idea, even if at first sight it
seems difficult to achieve in our particular framework. In traditional GUT baryogenesis, one uses the
out of equilibrium B-violating decay of GUT scale mass X/Y gauge bosons. However, if the X/Y
gauge bosons have a mass at the TeV scale, for their decay to be out-of equilibrium, the gauge coupling
has to be smaller than about 10−8. This comes from equating the decay rate to the expansion rate:
g2MX/(8π) ∼ T 2/MP l. In our model, the decays which violate B (without violating L) are X ′ → dd,
Y ′ → ud and X → uu.
As mentioned in section 8.4, quarks of the third generation originate in different multiplets to
account for their different c’s. Whereas, quarks of the 1st and 2nd generations can come from the
same multiplet. So, X-type gauge bosons can decay into two quarks from the 1st or 2nd generation
25We thank R. Kitano and I. Low for discussions on this issue.
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only. However, even though the 1st and 2nd generation quarks are localized near the Planck brane
(while the X-type gauge bosons are near the TeV brane), their coupling to X-type gauge boson is
typically g ∼ 10−5 for 1st generation (and larger for 2nd generation) to be compatible with their
Yukawa couplings. Thus, it is likely that the decays will not be out of equilibrium.
In any case, assuming some mechanism to further suppress the couplings of X-type gauge bosons,
one would also have to check that the new CP violating sources required for baryogenesis in the X/Y
sector are not in conflict with current experimental constraints. And again, we would need a reheat
temperature below, say, 120 GeV to insure that X,Y can be overabundant when they decay.
17. Conclusion
In this paper, we have studied the issue of baryon-number violation in a GUT in a non supersymmetric
warped extra dimension. One way to suppress proton decay is to impose gauged baryon-number
symmetry. We showed how this solution to the proton stability problem leads to a stable KK particle,
the stability being guaranteed by a combination of baryon-number and color, named Z3. Z3 is already
present in the Standard Model at the renormalizable level, though SM particles are not charged under
it. This is similar to R-parity leading to a stable particle in SUSY models.
Our firm prediction is that the lightest Z3-charged particle (LZP) is a GUT partner of the top
quark and that its lightness is related to the top quark’s heaviness. At this stage, we are not able to
predict which particle in the top multiplet is the LZP, but as far as dark matter is concerned, the LZP
must have gauge quantum numbers of a RH neutrino. We can ensure that this is the case due to the
breaking of the GUT in the bulk. We showed in detail how this exotic RH neutrino acts as a WIMP
and why its relic density is of the right value for masses in the 10 GeV – a few TeV range. We also
explained why the entire parameter space of this DM candidate will be tested at near future direct
detection experiments.
The breaking of the GUT has direct observable effects at the TeV scale. The other KK modes
in the top quark multiplet are also light. Because of their strong (QCD) coupling, the quark-like
states can easily be produced at colliders and be detected via their distinctive decay into the LZP.
The production of these other exotic, light partners of the top quark at high-energy colliders is an
interesting manifestation of unification in AdS.
We studied both models with the Higgs localized on the TeV brane and with a profile for the
Higgs in the bulk (but still localized near the TeV brane). Our qualitative results apply to any
warped extra-dimensional GUT with electroweak symmetry breaking localized near the TeV brane.
For example, our models can be seen as a GUT embedding of the recently studied Higgsless models
in warped space [16]. The choice of Pati-Salam or SO(10) gauge group over SU(5) is dictated by the
need to incorporate custodial isospin symmetry, SU(2)R, to satisfy electroweak precision constraints.
Actually, up to factors of O(1), we expect that our quantitative results also apply to Higgsless models.
Of course, in these models, the KK scale is no longer a free parameter since it is related to the W and
Z masses.
There are many issues one could investigate further. It would be interesting to consider variations
of the model we presented. For instance, as far as bulk GUT breaking is concerned, it would be
instructive to see what happens when the bulk scalar field Σ has a profile. One could also consider the
case with no bulk breaking of GUT (with some alternative source for threshold corrections required for
unification). In this case, the mass splitting between different partners of the top quark will arise from
radiative corrections. One-loop corrections to the lightest KK masses would be a useful calculation to
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determine the identity of the LZP and NLZPs. Can we obtain a weak-scale mass for the RH neutrino
and simultaneously a realistic phenomenology for other light partners? Inclusion of brane kinetic
terms [15] could modify our results for dark matter relic density and detection. Lastly, it would be
interesting to study signatures for indirect detection, due to annihilation of the LZP in the Sun or in
the galactic center.
Other models are also of interest. For instance, as briefly mentioned, if SO(10) is broken on
the TeV brane rather than on the Planck brane, there is also a light stable KK fermion, in this
case coming from one of the light fermion multiplets. A detailed study of this possibility could be
interesting. We also reiterate that there is the alternative option of imposing lepton number instead
of baryon number. Although there is no stable particle in this case, there could still be some other
interesting phenomenology to study, like the possibility of observing baryon number violating decays
at high energy colliders. Finally, the issue of baryogenesis certainly deserves more attention.
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Appendix
A. Couplings of KK modes
In this part, the reader is referred to [4, 5, 10] for more details. We assume SO(10) as a gauge group
so that there is only one 5D gauge coupling. It is easy to extend these formulae for the three different
bulk gauge couplings in the case of Pati-Salam.
A.1 Coupling of two zero-mode fermions to a gauge KK mode
The couplings of KK/zero modes are given by overlap of their wavefunctions. Decomposing the 5D
fermion as Ψ(x, z) =
∑
n ψ
(n)(x)χn(c, z), the wavefunction of the zero-mode fermion is
χ0(c, z) =
√
1− 2c
zh
(
ekpirc(1−2c) − 1)
(
z
zh
)2−c
(A.1)
Similarly, decomposing the 5D gauge fields as Aµ(x, z) =
∑
nA
(n)(x)fn(z), the wavefunction of gauge
KK mode is given by
fn(z) =
√
1
zh
z
Nn
[J1 (mnz) + bnY1 (mnz)] (A.2)
For KK modes of Z ′ (i.e., (−+) boundary condition for gauge field), the normalization factor is given
by
N2n =
1
2
[
z2v
[
J1 (mnzv) + bnY1 (mnzv)
]2 − z2h[J0 (mnzh) + bnY0 (mnzh) ]2]
(A.3)
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and the masses of gauge KK modes and bn are given by
J1 (mnzh)
Y1 (mnzh)
=
J0 (mnzv)
Y0 (mnzv)
≡ −bn (A.4)
so that, for mnzh ≪ 1, we get mnzv ≈ zeroes of J0. In particular, as mentioned in the main text, we
define the KK scale of the model, MKK to be the mass of the lightest gauge KK mode:
MKK ≡ m1 ≈ 2.4 z−1v . (A.5)
For mnzv (≈ zeroes of J0)≫ 1, i.e., mnzv ≈ π (n− 1/4), we can show that
N2n ≈
zv
πmn
(A.6)
As discussed in subsection 11.1, we define g10 as:
g10 ≡ g5 ren.√
πrc
, (A.7)
where g5 ren. is the renormalized SO(10) 5D gauge coupling. The coupling of zero-mode of fermion f
to nth gauge KK mode of Z ′ is then given by (group theory factors can easily be generalized to the
case of other (−+) or (++) KK gauge fields)
gf
(0)
Z′ (n)
(c)
QfZ′
√
5/2 g10
=
√
πrc
∫
dz
√−G z
zh
χ20(c, z)fn(z), (A.8)
where z/zh is the funfbein factor, −G = (z/zh)−5 is the determinant of the metric.
We have used the fact that, in SO(10), the coupling of the “would-be” zero-mode of Z ′ is given
by
gZ′ =
√
5/2 g10 (A.9)
Also, the mixing angle (analogous to sin2 θW ), sin
2 θ′ ≡ g25 B−L/g25 Z′ = 3/5 in SO(10), where g5 B−L
is the coupling of the gauge boson which couples to the charge 1/2(B − L). Thus, the charge of the
fermion under Z ′, QZ′ = τ3R − sin2 θ′ Y = τ3R − 3/5 Y , where the last relation is for SO(10) (this is
similar to the charge under Z is QZ = τ
3
L −Q sin2 θW ).
For completeness, the wavefunction of a KK mode of a (++) gauge boson is as in Eq. A.2, except
the normalization factor which is given by
N2n =
1
2
[
z2v
[
J1 (mnzv) + bnY1 (mnzv)
]2 − z2h[J1 (mnzh) + bnY1 (mnzh) ]2]
(A.10)
and the masses of gauge KK modes and bn are given by
J0 (mnzh)
Y0 (mnzh)
=
J0 (mnzv)
Y0 (mnzv)
≡ −bn (A.11)
so that, formnzh ≪ 1, we getmnzv ≈ zeroes of J0+O
(
1/
[
logmnzh
])
. Formnzv (≈ zeroes of J0)≫ 1,
i.e., mnzv ≈ π (n− 1/4), we can show that N2n ≈ zv/ (πmn) as before.
The coupling of gauge KK modes to the Higgs is obtained by evaluating the wavefunction on the
TeV brane. We can show that gauge KK modes with both (++) and (−+) BC approximately have
the same wavefunction on the TeV brane. For example, coupling of the Higgs to the nth Z ′ KK mode
is given by:
gH
Z′ (n)
QHZ′
√
5/2 g10
≈ (−1)(n−1)
√
2kπrc (A.12)
Here, QHZ′ = ±1/2
(
1− sin2 θ′) = ±1/5 (where the last relation is for SO(10)).
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A.2 Coupling of two KK fermions to a gauge KK mode
The (−+) helicity of the fermion KK mode (of mass mn) has wave function
χn(c, z) =
(
z
zh
)5/2
Nn
√
πrc
[
Jα (mnz) + bα(mn)Yα (mnz)
]
, (A.13)
where α = |c+ 1/2|, mn and bα are given by
Jα (mnzh)
Yα (mnzh)
=
Jα∓1 (mnzv)
Yα∓1 (mnzv)
≡ −bα(mn), (A.14)
with upper (lower) signs for c > −1/2 (c < −1/2) and
N2n =
1
2πrczh
[
z2v
[
Jα (mnzv) + bα(mn)Yα (mnzv)
]2 − z2h[Jα∓1 (mnzh) + bα(mn)Yα∓1 (mnzh) ]2] .
(A.15)
We will always assume that mnzh ≪ 1. Then, for c > −1/2+ ǫ (where ǫ ∼ 0.1), we get mnzv ≈ zeroes
of Jc−1/2 (since Jα(0)→ 0 and Yα(0)→∞ so that LHS of A.14 ∼ 0).
In particular, for c > −1/4, we can show that zeroes of Jc−1/2 > 1 so that we use a large argument
approximation for Jc−1/2 which is Jν(x) ∝ cos (x− π/2ν − π/4). This gives mnzv ≈ π(n− 1/2 + c/2)
so that the lightest KK mode has mass ≈ z−1v π(1 + c)/2. Whereas, for −1/2 + ǫ < c < −1/4,
the smallest zero of Jc−1/2 < 1 so that we use a small argument approximation for Jc−1/2 which is
Jν(x) ≈ xν
[
1/ (2νΓ(ν + 1))− x2/ (22+νΓ(ν + 2)) ] leading to m1zv ≈ 2√c+ 1/2.
For c = −1/2, the above equation gives J0 (mnzh) /Y0 (mnzh) = J1 (mnzv) /Y1 (mnzv). We can
show that there is a mode much lighter than 1/zv when arguments of both LHS and RHS of Eq. A.14
are small with mass m ≈ z−1v ×
√
2/ (kπrc). The masses of other modes are given by mnzv ≈ zeroes
of J1 ≈ π (n+ 1/4).
Finally, for c < −1/2 − ǫ, we get mnzv ≈ zeroes of J−c+1/2 ≈ π (n− c/2) . In addition, there is
a mode much lighter than 1/zv when arguments of both LHS and RHS of A.14 are small, given by
mzv ≈ 2
√
α(α+ 1) (zh/zv)
α. The (−+) helicity of this light mode is localized near the TeV brane.
For mnzv ≫ 1 (and for all c),
N2n ≈
zv
zh
1
π2mnrc
(A.16)
Whereas, for light mode with c < −1/2− ǫ, we get
N2n ≈
zv
zh
1
π2mnrc
2
1− 2c (A.17)
Using these wavefunctions, we can show that (for other than light mode)
wavefunction of KK fermion|TeV brane ≈
√
2z
3
2
v
z2h
(A.18)
and for light mode for c . −1/2− ǫ,
wavefunction of KK fermion|TeV brane ≈
1
f(c)
√
2z
3
2
v
z2h
, (A.19)
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where f(c) ≈
√[
2/ (1− 2c)
]
.
The wavefunction of the other (+−) helicity of KK fermion is as above, except that its “effective”
c26 is opposite to that of the (−+) helicity. So, we get α = |−c+1/2| and since its boundary condition
is (+−), mn and bα are given by
Jα±1 (mnzh)
Yα±1 (mnzh)
=
Jα (mnzv)
Yα (mnzv)
≡ −bα(mn), (A.20)
with upper (lower) signs for c > (<)1/2 and
N2n =
1
2πrczh
[
z2v
[
Jα±1 (mnzv) + bα(mn)Yα±1 (mnzv)
]2 − z2h[Jα (mnzh) + bα(mn)Yα (mnzh) ]2] .
(A.21)
Of course, mn obtained from above is the same as for the (−+) helicity. For c . −1/2, this helicity
of the light mode is localized near the Planck brane. Of course, for all c’s, the wavefunction of this
helicity vanishes at the TeV brane.
The coupling of a (−+) or (+−) nth KK mode of fermion f to mth KK mode of Z ′ is given by
(this formula, including group theory factors, can be generalized to the coupling of 2 different KK
fermions to KK mode of other gauge fields with (−+) or (++) boundary condition):
gf
(n)
Z′ (m)
(c)
QfZ′
√
5/2g10
=
√
πrc
∫
dz
√−G z
zh
χ2n(c, z)fm(z), (A.22)
where QZ′ = 1/2 for ν
′
R.
A.3 Coupling of a zero-mode fermion and KK fermion to a gauge KK mode
Similarly, the coupling of mth KK mode of Xs and zero-mode of tR to n
th mode of LZP is given by
(again, group theory factors can be generalized to the coupling of the zero-mode fermion and KK
fermion to the KK mode of other (−+) or (++) gauge fields):
g
ν
′ (n)
R
X
(m)
s
(c)√
1
2
=
√
πrc
∫
dz
√
−G z
zh
χ0(c, z)χn(c, z)fm(z). (A.23)
B. Profile for the Higgs
In the model with the Higgs on the TeV brane, the Higgs mass gets a divergent contribution from
loops of gauge and top quark KK modes in addition to loops of zero-modes. The KK contribution
dominates due to the large multiplicity of KK modes and also due to the couplings of KK modes to the
Higgs being enhanced compared to those of zero-modes. This results in a fine-tuning at the 1% level
[14] (as expected, the effect of the top quark modes is larger than that of gauge modes). In the CFT
picture, the Higgs is a “regular” composite state. The natural size for its mass is the same as other
composites (i.e., few TeV) so that a light Higgs (as required to fit electroweak data) is fine-tuned.
We can introduce a symmetry protection for the Higgs mass from loops of KK modes (as opposed
to zero-modes which are inescapable) as follows. In the CFT picture, the Higgs can be a pseudo-
Goldstone boson of a spontaneously broken global symmetry. It is naturally lighter than other bound
26This is the c entering the equation of motion of fermion.
– 49 –
states just like the pion in QCD. The 5D dual of this CFT picture is an extended bulk gauge symmetry
with (−−) BC for Aµ of a non-SM gauge field and (++) for the corresponding A5, i.e., there is a
massless scalar (at tree-level) in the spectrum [42]. The pseudo-Goldstone boson acquires a finite mass
at the loop level (i.e., the quadratic divergence in Higgs mass is cut-off at the KK scale instead of
the 5D cut-off scale) and thus is naturally lighter than other KK states, improving the fine-tuning to
∼ 10% [43].
For our purpose, the only resulting modifcation is in the Higgs couplings as follows. The Higgs
(which is the zero-mode of A5) has the following profile [42]: A5(x, z) ∋ HfH(z) where
fH(z) =
2
(
z
zh
)2
(
1− z2h
z2v
) (B.1)
In this case, the 4D Yukawa coupling is modified to
λ5D
∫
dz
√
−G z
zh
fH(z)χ(z)χ
′(z) (B.2)
where λ5D has now dimensions of (mass)
−1/2 just like the 5D gauge coupling27, χ(z)’s are wavefunc-
tions of zero and KK mode fermions and zzh is funfbein. The funfbein factor appears since the Higgs
is a component of a gauge field so that the coupling of fermions to the Higgs is similar to the coupling
of fermions to gauge modes.
The Higgs coupling to gauge KK modes, for example, to Z ′ is also modified to
gH
Z′ (n)
QHZ′
√
5/2g10
=
√
πrc
∫
dz
√
−G
(
z
zh
)4
fn(z)f
2
H(z) (B.3)
where factors of z/zh come from the inverse metric.
C. Contributions to the S and T parameters from light KK states
The presence of light KK states in the tR multiplet raises the question of enhanced contributions to
S and T parameters. Consider first the contribution to the S parameter which is the kinetic mixing
between Y and WL3 (S = 16πΠ
′
3Y ) and requires EWSB. We have to use the mass term ∼ (2λ5Dk) v to
flip from light KK states from tR multiplet to heavier KK states from (t, b)L multiplet. For example,
the contribution of L′R KK states from tR multiplet and L
′
L KK states from tL multiplet is estimated
to be:
Π′3Y ∼
(2λ5Dkv)
2
16π2m2
L′L
log
(
mL′R
mL′L
)
log
(
Λ
mKK
)
(C.1)
where log
(
me′R/mL
′
L
)
comes from the IR divergence in the loop integral (which is UV finite for
each pair of KK modes) and log (Λ/mKK) comes from the sum over 2 KK towers. Crucially, the loop
diagram is not significantly enhanced due to the presence of light KK states (the logarithms are O(1)).
This loop contribution is smaller by a loop factor ∼ (2λ5Dk)2 /
(
16π2
)
than the tree-level contribution
to the S parameter from gauge KK modes ∼ 16πv2/m2KK [14].
27This is expected since the Higgs is the component of a gauge field, although we can show that, in general, the effective
λ5D 6= g5D due to mixing between bulk fermion multiplets on the TeV brane [43].
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Next, consider, the contribution to the T parameter. With no bulk breaking of SO(10) (hence of
custodial isospin), c for e′R and ν
′
R are the same. They both have (−+) BC and the same spectrum.
Thus, there is no loop contribution to T from these states. In contrast, tR and b˜R (which have the
same c) have different BC and hence different spectra so that they do give a loop contribution to T
[14].
With bulk breaking of custodial isospin, c’s for e′R and ν
′
R are different so that there is a loop
contribution to T from these KK states also. However, just like for S, contribution to T requires
EWSB. We have to use (2λ5Dk) v to flip to heavier L
′
L states so that there is no enhancement due to
light KK states in the loop. This contribution to T is smaller than the tree level one from splitting in
W±R -W
3
R spectrum due to breaking of custodial isospin in the bulk (in addition to the mass splitting
due to different BC’s for W±R and W
3
R) [14].
D. Annihilation cross sections
We consider annihilation due to the exchange of the lightest gauge KK modes only since the effects
decouple very fast with increasing KK masses. As for fermions, we restrict ourselves to zero-modes
(SM fermions) and the lightest KK modes of other fermions. Hence, in what follows, we omit the
superscript (n) on all the modes. Let us denote the annihilation cross section for LZP and anti-LZP
into tR through the t-channel exchange of Xs by σ1, the annihilation into any fermion through the
s-channel exchange of Z by σ2 and the annihilation into top and bottom via the s-channel exchange of
Z ′ by σ3. Also, σ12 (σ13) denotes the interference between the s-channel Z (Z ′) exchange and t-channel
exchange of Xs for the annihilation into RH top quark. σ23 is the interference between the Z and Z
′
exchanges for the annihilation into top and bottom. Their exact expressions are given below. Here,
m, mt and Ms denote the LZP, top and Xs masses respectively. Nc is the number of QCD colors. g
ν′R
Xs
is the effective Xsν
′
RtR coupling given in Eq. A.23. Basically, it is the effective 4D SO(10) coupling
times a factor reflecting the overlap of wave functions of Xs, tR, and ν
′
R. We get
σ1 =
(
g
ν′R
Xs
)4
Nc ( β βt s E − F L )
256 π M4s β
2 s2 G (D.1)
where β =
√
1− 4m
2
s
, βt =
√
1− 4m
2
t
s
(D.2)
and L = ln
[
1 + γ
1− γ
]
, γ =
s β βt
2 (m2 +m2t −M2s )− s
. (D.3)
Also,
E = 2m8 + 8Ms8 + 2mt8 − 4m6
(
Ms
2 +mt
2
)− 4Ms6 (4mt2 − 3 s)+Ms2 (−4mt6 + 5mt4 s)
+2Ms
4
(
5mt
4 − 4mt2 s+ 2 s2
)
+m4
(
10Ms
4 + 4mt
4 +Ms
2
(−4mt2 + 5 s))
−2m2 (8Ms6 + 2mt6 + 2Ms4 (mt2 + 2 s)+Ms2 (2mt4 + 3mt2 s)) , (D.4)
F
2
= m10 − 4Ms10 +mt10 − 3m8
(
Ms
2 +mt
2
)
+ 4Ms
8
(
3mt
2 − 2 s)+Ms4 (7mt6 − 5mt4 s)
+ Ms
2
(−3mt8 +mt6 s)+Ms6 (−13mt4 + 12mt2 s− 4 s2)
+ m6
(
7Ms
4 + 2mt
4 +Ms
2
(
4mt
2 + s
))
(D.5)
− m4 (13Ms6 − 2mt6 +Ms2mt2 (2mt2 + s)+Ms4 (7mt2 + 5 s))
+ m2
(
12Ms
8 − 3mt8 − 6Ms6
(
mt
2 − 2 s)+Ms4 (−7mt4 + 10mt2 s)+Ms2 (4mt6 −mt4 s))
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and finally
G = m4 +M4s +m4t − 2m2(M2s +m2t ) +M2s (−2m2t + s) (D.6)
The s-channel exchange of Z is given by
σ2(g
ν′R
Z , g
t
Z ,MZ ,ΓZ) =
g
ν′R
Z
2
gtZ
2
Ncβt
(
MZ
4s
(−mt2 + s)+m2 (−MZ4s+mt2 (4MZ4 − 6MZ2s+ 3s2)))
48MZ
4 πβs
(
(MZ
2 − s)2 +MZ2ΓZ2
)
(D.7)
and the s-channel exchange of Z ′ is obtained by the substitution Z → Z ′ in the formula for σ2. Here,
g
ν′R
Z is the LZP-Z coupling defined in Eq. 9.12, g
ν′R
Z′ is the LZP-Z
′ coupling (obtained from Eq.A.22),
gtZ is the usual top-Z coupling and g
t
Z′ is the top-Z
′ coupling obtained from Eq. A.8.
The interference terms between the t and s-channel exchanges read
σ12(g
ν′R
Z , g
t
Z ,MZ ,ΓZ) =
(
g
ν′R
Xs
)2
g
ν′R
Z g
t
Z Nc βt (M
2
Z − s)( 2Lββts I + J )
64πM2s M
2
Z β s ( Γ
2
Z M
2
Z + (M
2
Z − s )2)
(D.8)
and σ13 is obtained by the substitution Z → Z ′ in the above formula. Here,
I(MZ) = −
(
m4MZ
2
(
2Ms
2 + s
))−MZ2 (2Ms6 − 4Ms4 (mt2 − s)+ 2Ms2 (mt2 − s)2 +mt4 s)
+ m2
(
4Ms
4MZ
2 + 2mt
2MZ
2 s+Ms
2
(
4MZ
2 s+mt
2
(−2MZ2 + s))) (D.9)
and
J (MZ) = m2
(
4Ms
2MZ
2 + 2mt
2
(
2MZ
2 − s))− 2Ms2MZ2 (2Ms2 − 2mt2 + 3 s) (D.10)
We end with the interference between the Z and Z ′ exchange
σ23
(
gtZ′ , g
t
Z
)
=
βt g
ν′R
Z g
ν′R
Z′ g
t
Z′ g
t
Z Nc
(
ΓZ′ ΓZMZ MZ′ +
(
MZ
2 − s) (MZ′2 − s)) P
24β MZ
2MZ′
2 π s
(
ΓZ
2MZ
2 +
(−MZ2 + s)2) (ΓZ′2MZ′2 + (−MZ′2 + s)2)
(D.11)
P =MZ2MZ′2 s
(−mt2 + s)+m2 (− (MZ2MZ′2 s)+mt2 (MZ2 (4MZ′2 − 3 s)+ 3 s (−MZ′2 + s)))
(D.12)
We can now list the cross-sections for the annihilation processes into different final states, in terms of
the cross sections defined above:
D.1 Annihilation into tR
σν′Rν
′
R→tRtR = σ1 + σ2(g
t
Z = g
tR
Z ) + σ3(g
t
Z′ = g
tR
Z′) + σ12
(
gtZ = g
tR
Z
)
+ σ13
(
gtZ′ = g
tR
Z′
)
+
σ23
(
gtZ = g
tR
Z , g
t
Z′ = g
tR
Z′
)
(D.13)
D.2 Annihilation into tL
σν′Rν
′
R→tLtL = σ2(g
t
Z = g
tL
Z ) + σ3(g
t
Z′ = g
tL
Z′) + σ23
(
gtZ = g
tL
Z , g
t
Z′ = g
tL
Z′
)
(D.14)
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D.3 Annihilation into light fermions
As mentioned in the main text, we neglect the coupling of Z ′ to all the SM fermions (denoted by f)
other than the top or left-handed bottom so that:
σν′Rν
′
R→ff = σ2(g
t
Z = g
fL
Z ) + σ2(g
t
Z = g
fR
Z ) (D.15)
D.4 Annihilation into bottom
σν′Rν
′
R→bb = σ2(g
t
Z = g
bL
Z ) + σ2(g
t
Z = g
bR
Z ) + σ3(g
t
Z′ = g
bL
Z′) + σ23
(
gtZ = g
bL
Z , g
t
Z′ = g
bL
Z′
)
(D.16)
D.5 Annihilation into W+ W− and Z H
σν′Rν
′
R→WW =
(
gHZ′
)2 (
g
ν′R
Z′
)2
βW
(−m2 + s) (−4mW 2 + s)
96π β
(
MZ′
2 − s)2 s (D.17)
and
σν′Rν
′
R→ZH =
(
gHZ′
)2 (
g
ν′R
Z′
)2 √mH4+(MZ2−s)2−2mH2 (MZ2+s)
s2
K
96MZ′
4 π β
(
MZ′
2 − s)2 s2 , (D.18)
where
K = MZ′4 s
(
mH
4 +
(
MZ
2 − s)2 − 2mH2 (MZ2 + s)) (D.19)
+ m2
(
2MZ
2MZ′
4 s−MZ′4 s2 +mH4
(
2MZ′
4 − 6MZ′2 s+ 3 s2
))
+ m2
(
MZ
4
(
2MZ′
4 − 6MZ′2 s+ 3 s2
)
+mH
2
(
2MZ′
4 s− 2MZ2
(
2MZ′
4 − 6MZ′2 s+ 3 s2
)))
E. Annihilation via Higgs exchange
The LZP can annihilate through Higgs exchange into (i) top pair via the top Yukawa coupling,
HtLtRλt, (ii) two transverse W ’s via the coupling m
2
W/v HWtrans.Wtrans. (from |H|2W 2), (iii) one
transverse W and one longitudinal W via the coupling g∂µHW
µ
trans.Wlong. (from ∂µHW
µH) and (iv)
two longitudinalW/Z’s via the coupling m2H/v HWlong.Wlong. (from Higgs quartic). It is easy to check
that (ii) is sub-dominant to (iv) while (iii) is subdominant to (i). We can estimate the cross-sections
as follows (up to factors of 2π from phase space)
σH→tt¯ ∼ Ncg2Hλ2t
m2LZP(
m2H +m
2
LZP
)2 , σH→W+long.W−long. ∼ g2H
(
m2H
v
)2
1(
m2H +m
2
LZP
)2 , (E.1)
where gH is coupling of the two chiralities of LZP to Higgs defined in section 9.3. The ratio of these
two cross-sections is ∼ 3m2tm2LZP/m4H so that the Higgs exchange into longitudinal W ’s dominates
over top pairs for mLZP . m
2
H/mt. For mLZP . mZ , the Higgs exchange is very small since the top or
W/Z channel is not open. For mZ . mLZP . mt, the Higgs exchange is dominantly into longitudinal
W/Z’s. The annihilation via Z ′ exchange is small since Z ′ → tt¯ is not open. So, we compare Higgs
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exchange to Z exchange into light fermions which is enhanced by multiplicity factor N ∼ 20 (counting
color and generation factors):
σZ→ff¯ ∼ N
(
g
ν′R
Z
)2
g2Z
1
m2LZP
∼ Ng4Z′ (kπrc)2
m4Z
m2LZPm
4
Z′
(E.2)
where for the LZP coupling to Z, i.e., g
ν′R
Z we have used the coupling induced by Z − Z ′ mixing
∼ g
2
Z′
gZ
kπrc
m2Z
m2
Z′
. Here, gZ and gZ′ are the zero-mode (“would-be” in case of Z
′) gauge couplings.
Assuming mν′L ∼ mZ′ and kπrc ∼ 30, we get from Eqs. E.1 and E.2
σH→W+long.W−long.
σZ→ff¯
∼
(
2λ5Dk mν′Lν
′
R
/30
mZ
)2(
mLZP
mZ
)4 g2Z
g4Z′N
(E.3)
so that Higgs exchange is ∼ 1/4 for mLZP ∼ mt and much smaller for mLZP < mt.
For mLZP & mt, Z
′ exchange into top pair is open and dominates over Z exchange since
σZ′→tt¯ ∼ 3g′Z4 (kπrc)2
m2LZP
m4Z′
→ σZ→ff¯
σZ′→tt¯
∼ N
3
(
mZ
mLZP
)4
(E.4)
and
σH→W+long.W−long.
σZ′→t¯t
∼ g
2
Z
3 g4Z′
(
2λ5Dk mν′Lν
′
R
/30
mZ
)2
(for mLZP . mH)
∼ g
2
Z
3 g4Z′
(
2λ5Dk mν′Lν
′
R
/30
mZ
)2(
mH
mLZP
)4
(for mLZP > mH)
(E.5)
So, cross section for Higgs exchange is ∼ 1/10 of that for Z ′ exchange for mt . mLZP . mH and
much smaller for mLZP > mH .
Finally, for mLZP & m
2
H/mt, we should compare Higgs exchange into top pairs (since it dominates
exchange into longitudinal W/Z’s) with Z ′ exchange:
σH→tt¯
σZ′→t¯t
∼ 1
g4Z′ (kπrc)
2
(
2λ5Dk mν′Lν
′
R
mLZP
)2
(E.6)
so that Higgs exchange into top pairs is smaller by ∼ 1/30 (assuming mLZP & 300 GeV).
To summarize, the cross-section for annihilation via Higgs exchange strongly depends on the
Higgs mass. It is significant (but less than ∼ 1/5 of Z/Z ′ exchange) only for mt . mLZP . mH .
An exception is when mLZP ≈ mH/2, where there is an enhancement from Higgs resonance resulting
in suppressed relic density. As a result, for a first study of this DM candidate, we neglect the Higgs
exchange.
F. CFT interpretation
As per AdS/CFT correspondence [44], the RS1 model is dual [45] to a strongly coupled CFT of which
the minimal Higgs is a composite arising after conformal invariance is broken at ∼ TeV. Since gauge
and fermion fields are in the bulk, in the dual 4D picture, the SM gauge and fermions fields originate as
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fundamental fields, external to CFT, but coupled to the CFT/Higgs sector. Due to this coupling, these
external fields mix with CFT composites, the resultant massless states corresponds to the SM gauge
and fermion fields (which are dual to zero-modes on the RS1 side). The degree of this mixing depends
on the anomalous/scaling dimension of the CFT operator to which the fundamental fields couple. The
coupling of SM gauge bosons and fermions to the Higgs goes via their composite component since the
Higgs is a composite of the CFT. Thus, the above coupling of fundamental gauge and fermion fields
to CFT operators is essential for gauge boson and fermion masses to arise at the weak scale.
In the following sections, we will give details of the CFT interpretation of the grand unified model.
Some of the discussion appears in the literature (see, for example, references [9, 11, 12, 46, 14, 47] in
addition to [45]), but we review it for completeness.
F.1 Duality at qualitative level
The dual interpretation of gauge fields in the bulk is that the 4D CFT has a conserved global symmetry
current (which is a marginal operator, i.e., with zero anomalous dimension). In our case, there is a
SO(10) or Pati-Salam gauge symmetry in the bulk so that the dual CFT has global SO(10) or Pati-
Salam symmetry.
Since only SM gauge fields are (+) (i.e. do not vanish) on the Planck brane (Xs, W
±
R , X, Y ,
X ′ and Y ′ vanish on the Planck brane), only the SM subgroup of the SO(10) global symmetry of
the CFT is gauged, i.e., only JµSM is coupled to 4D SM gauge fields: A
SM
µ J
µ
SM . This gauging is
similar to the gauging of U(1)em global symmetry of real QCD by coupling J
µ
em to γ. The operator
Jµ interpolates/creates out of the vacuum spin-1 hadrons/composites of CFT, including states with
quantum numbers of Xs etc. These are similar to ρ-mesons in real QCD and are dual to gauge KK
modes, including those of Xs etc., on the RS1 side.
The dual interpretation of a bulk fermion, for example F qL (using the Pati-Salam notation), is
that the CFT has a fermionic operator (in conjugate representation), denoted by OF qL , and similarly
for other bulk fermions. Since QL is (+) on the Planck brane, whereas L
′
L is (−) (i.e., vanishes on
the Planck brane), in the dual CFT picture, we add a fundamental fermion, also denoted by QL
and couple it to the color triplet part of OF qL , whereas there is no fundamental L
′
L coupled to this
operator. A fundamental LL couples to the color singlet part of a different operator, OF lL . We see that
fundamental fermions do not have to be in complete SO(10) multiplets since the full SO(10) global
symmetry of the CFT is not gauged, but they do have to be parts of SO(10) multiplets (providing
understanding of their quantum numbers) since they couple to CFT operators which are in complete
SO(10) multiplets. The operator O creates out of the vacuum spin-1/2 composites (just like Jµ creates
spin-1 composites). These hadrons are dual to fermion KK modes on RS1 side (again, in complete
SO(10) multiplets). Thus, fundamental gauge and fermion fields are exactly (and no more) as in the
SM (with the addition of the right-handed neutrinos). Up to mixing with CFT composites, these are
the SM fields and are dual to zero-modes of fermions and gauge fields on the RS1 side.
The scaling dimension of O determines the mixing between fundamental fermions (ψ) and CFT
composites and is dual to the bulk fermion mass parameter c as follows. The choice c > 1/2 for
light fermions is dual to the irrelevant coupling between fundamental fermions and CFT operators so
that the mixing between ψ and CFT composites is small. Thus, SM fermion is mostly fundamental
and its coupling to composite ρ-mesons (which goes through this mixing) is small. Whereas, c . 0
for tR is dual to a relevant coupling of fundamental tR to CFT operator corresponding to a large
mixing between fundamental tR and CFT composites. This implies that SM tR contains a sizable
admixture of composites and that its coupling to ρ-mesons is large. We see that this CFT picture
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agrees qualitatively with the couplings to gauge KK modes obtained on the 5D side as presented in
subsection 9.1: the coupling of tR to Z
′ is enhanced by
√
kπrc because tR and Z
′ are localized near
the TeV brane while the coupling of light fermions to Z ′ is suppressed due to the small overlap of their
wave functions.
F.2 Lightness of the LZP
Next, we consider the dual interpretation of the lightness of the LZP for c ∼ −1/2 or smaller. For
this purpose, it is more convenient to consider a different CFT description [47] which is equivalent to
a dual interpretation of the other chirality of the LZP (not shown in Eq. 5.11), denoted νˆ ′R.
As before, since νˆ ′R is (+−), whereas tˆR is (−−), we add a fundamental νˆ ′R (but not tˆR) in the
dual CFT and couple it to the color singlet part of OˆF qR 1 . Also, on the 5D side, both νˆ ′R and tˆR have
(−) boundary condition on the TeV brane – this results in a zero-mode for tR, but not for ν ′R. The
dual interpretation is that the CFT operator OˆF qR 1 interpolates massless composites with quantum
numbers of ν ′R and tR
28. The former gets a Dirac mass with the fundamental νˆ ′R, whereas the latter
(with no fundamental fermion to marry) is the SM tR.
Recall that, on the 5D side, the effective c for (+−) helicity is opposite to that of (−+) helicity,
i.e. c for νˆ ′R is ∼ +1/2 or larger meaning that the coupling of the fundamental νˆ ′R to the CFT
operator is close to marginal and the mixing of the fundamental fermion with composites is mild. The
Dirac mass for the fundamental νˆ ′R with the CFT composite must go through this mild mixing. Thus,
this mass is smaller than the mass of other composites (like ρ-meson, i.e., gauge KK mass). In the
CFT picture, the (+−) helicity of LZP is mostly the fundamental νˆ ′R and the (−+) helicity is mostly
the massless composite interpolated by the CFT operator. This provides a dual interpretation for the
fact that the (−+) helicity couples strongly to gauge KK modes (i.e., ρ-mesons in the CFT picture),
whereas the (+−) couples weakly.
We see that particles localized near the TeV brane such as tR zero-mode, Higgs, KK modes (most
of them, except, for example, (+−) helicity of LZP) are mostly composites in the CFT picture. This
is expected since the TeV brane corresponds to the IR of the CFT so that particles localized there
correspond to IR degrees of freedom (i.e. composites) of the CFT. Similarly, particles localized near
the Planck brane (light fermion zero-modes, (+−) helicity of LZP) are mostly fundamental/external
in the CFT picture. Again, this is expected since the Planck brane corresponds to the UV in the 4D
picture. Particles localized there correspond to UV degrees of freedom in the CFT picture, in contrast
with composite states.
F.3 Baryon number
The dual interpretation of baryon-number symmetry is as follows. First, note that the composite Xs
cannot couple SM QL to SM LL since these fermions have their origin in fundamental fields (and in
CFT operators since SM fermions have an admixture of CFT composites) which are not related by
the unified symmetry. So, proton decay from exchange of Xs states is absent.
Recall that to suppress B violation from higher-dimensional operators, U(1)B is gauged in the
bulk by adding spectators on the Planck brane. The dual interpretation is that the CFT and the fun-
damental fermions coupled to it29 have exact global U(1)B symmetry (i.e. SO(10)×U(1)B symmetry)
28Since SO(10) or Pati-Salam is not spontaneously broken by CFT (this is dual to SO(10) being unbroken on TeV
brane), the composites have to be in complete SO(10) multiplets.
29Spectator fermions are also fundamental, but not directly coupled to CFT.
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which is gauged by a 4D vector field. The operator OF qL has B = −1/3 since its color triplet part is
coupled to fundamental QL to which we assign B = 1/3. We cannot couple fundamental LL (assigned
B = 0) to color singlet part of OF qL since it also has B = −1/3. Thus, composite fermions interpolated
by color singlet part of OF qL (which are dual to L
′
L KK modes) have Z3-charge. As mentioned before,
a fundamental LL couples instead to a different operator OF lL which has B = 0. Similarly, J
µ
Xs
has
color, but B = 0 and hence composite Xs have Z3 charge.
On the 5D side, the U(1)B gauge symmetry is broken by the Planckian vev of a SM singlet scalar
living on the Planck brane. In the 4D picture, the U(1)B gauge theory is also Higgsed near the
Planck scale. The gauge boson coupled to U(1)B current and spectators get a Planckian mass. At
this scale, operators involving fundamental fields and/or CFT operators violating U(1)B are allowed.
For example, the coupling of fundamental LL to the color singlet part of OF qL would now be allowed.
This will result in mixing of LL with composite fermions interpolated by OF qL . Recall that the SM
QL has an admixture of composites interpolated by the color triplet part of the same operator. Thus,
there will be a coupling of composite Xs to SM LL and SM QL and other similar couplings. These
couplings, in turn, will lead to too fast proton decay.
So, just as on the 5D side, we impose the Z3 symmetry in the CFT picture so that ∆B 6= 1/3, 2/3
in order to forbid the above coupling of LL to OF qL . However, operators such as Q
3
LLL are still allowed.
The central point is that these operators are suppressed by the Planck scale, i.e., such violations of
U(1)B are strongly irrelevant in the IR of the CFT coupled to fundamental fermions and light gauge
fields30. In other words, at sub-Planckian energies, U(1)B is an accidental and anomalous global
symmetry very much like in the SM. This is the dual of the fact that U(1)B is unbroken on the RS1
side throughout the bulk and on the TeV brane so that baryon-number violating operators are allowed
only on the Planck brane (hence the ones which have ∆B 6= 1/3, 2/3 are suppressed by MP l).
Finally, the bulk breaking of SO(10) and the resulting splitting in c’s within a SO(10) multi-
plet means that the CFT has only approximate global SO(10) symmetry so that different parts of
fermionic operator (for example, color singlet and triplet parts of OF qL) can have slightly different
scaling dimensions.
F.4 Duality at semi-quantitative level
So far, our CFT description was qualitative. If we assume that the CFT is like a large-N “QCD”
theory, i.e., SU(N) gauge theory (with some “quarks”), we can perform a semi-quantitative check
of the duality and even obtain estimates for couplings of KK modes using the CFT picture. We
begin with the coupling of the Higgs to gauge KK mode (see, for example, [46]). On the 5D side, this
coupling is ≈ g√2kπrc ≈
√
2g25Dk (see Eq. A.12). All three particles in this coupling are localized near
the TeV brane. In the CFT picture, this is a coupling of 3 composites. We use the naive dimensional
analysis (NDA) of large-N QCD to estimate the size of this coupling (see, for example, ref. [48]):
coupling of 3 composites ∼ 4π√
N
(F.1)
With a coupling of this size, loops are suppressed by ∼ 1/N compared to tree-level. Assuming the
duality, we equate the above two couplings to obtain the following relation between N , number of
colors of the CFT, and the parameters of the 5D theory√
g25Dk ∼
4π√
N
(F.2)
30Higher-dimensional operators generated by the breaking of conformal invariance and suppressed by the TeV scale
(which are dual to TeV-brane localized operators on the 5D side) do not break U(1)B .
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A consistency check of this relation can be obtained by comparing the low-energy gauge coupling on
the two sides (see 6th reference of [45]). On the CFT side, we get
1/g24 ∼
N
16π2
log
(
k
TeV
)
(F.3)
This is due to contributions of CFT quarks to the running of external gauge couplings from the
Planck scale down to the TeV scale (just like the contribution of SM quarks to the running of αQED).
Whereas, using log (k/TeV) ∼ kπrc, we can rewrite the zero-mode low energy gauge coupling on the
5D side (see Eq. A.7) as
1/g24 = log (k/TeV) /
(
g25Dk
)
(F.4)
These two gauge couplings agree using the relation in Eq. F.2. 31 In particular, we see that N ∼ 5−10
is required to get O(1) low-energy gauge coupling.
Next, consider the coupling of a gauge KK mode to two KK fermions, for example, the coupling of
two LZP’s to Z ′. Again, all three particles are localized near the TeV brane. Using the CFT picture,
this coupling is ∼ 4π/√N since it is a coupling of three composites. As mentioned above (relating N
to g5D), this is ∼ g4
√
kπrc
32. As expected, this is similar to gauge KK coupling to the Higgs.
A similar argument and estimate hold for the coupling of tR zero-mode to a gauge KK mode and
a KK fermion (for example, coupling to LZP and Xs KK mode, see Eq. A.23) or coupling of two tR
zero-modes to gauge KK mode (for example, Z ′, see Eq. A.8). The reason is that tR zero-mode is
localized near the TeV brane, i.e., in the CFT picture, SM tR is mostly composite.
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